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Crimean-Congo hemorrhagic fever virus (CCHFV) is a tick-borne bunyavirus with an
extensive geographic range and complex ecology. Ticks within the Hyalomma genera are
the primary vector and reservoir of the virus and maintain the virus through a cryptic tick-
vertebrate-tick cycle in nature. However, infection of humans with CCHFV can result in
the severe disease known as Crimean-Congo hemorrhagic fever (CCHF). As humans are
the only species that display clinical signs of disease from infection with CCHFV, vaccine
development has focused on preventing human disease. Despite extensive research, no
vaccine candidates have advanced to clinical trials. This dissertation aimed to utilize
different vaccine platform technologies to target unique points in the CCHFV transmission
cycle as new strategies for vaccine development for CCHFV. Vaccine candidates were
developed against ticks for the preferred hosts of immature and adult H. marginatum ticks,
and against the virus for prevention of human CCHF. The two anti-tick vaccine candidates

utilized viral-vectored vaccine technology encoding the concealed tick antigen Subolesin

vii



or a chimeric Subolesin and rabies virus glycoprotein antigen. Neither vaccine candidate
induced stronger humoral immunity than the conventional approach of purified protein in
adjuvant. These studies showed that the vaccine type, specific viral vector used and the
generation of a chimeric Subolesin antigen are key considerations for developing future
anti-tick vaccines. For prevention of human CCHF, a candidate multi-epitope antigen for
CCHFV was developed using bioinformatics and a plasmid-based DNA vaccine was
evaluated in vitro and in vivo. Although the multi-epitope antigen was not immunogenic,
these studies provide information about predicted immunogenic regions of the CCHFV
glycoprotein precursor that should be evaluated for inclusion in rational vaccine
development. Overall, this dissertation has evaluated three different vaccine development
strategies, and provides information for future tick and CCHFV vaccine development

research.
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Chapter 1: Introduction

1.1 Crimean-Congo Hemorrhagic Fever Virus

1.1.1 History

During World War II in 1944, Soviet troops re-occupied the Crimean Peninsula and
developed an acute febrile illness with a high incidence of bleeding and shock!™. The
disease was termed “Crimean hemorrhagic fever” due to the location of the outbreak. It
was later determined that the outbreak was linked to bites from Hyalomma ticks and that a
tick-borne viral infection caused the disease. Unfortunately, the virus could not be isolated
at this time'™. In 1956, a similar outbreak of a tick-borne disease occurred in Belgian
Congo (now the Democratic Republic of the Congo), and the disease was termed “Congo
hemorrhagic fever” 3%, Advances in virus propagation led to the isolation of the tick-
borne virus responsible for the Crimean hemorrhagic fever outbreak by intracranial
inoculation of infected patient material into suckling mice in 1967%°. This isolate, the
Drozdov strain of Crimean hemorrhagic fever virus (named for its region of origin in the
former Soviet Union), was then used to show that tick-borne hemorrhagic diseases
occurring throughout the Soviet Union and Bulgaria were related to Crimean hemorrhagic
fever’®. In 1969, virus characterization efforts by the Yale Arbovirus Research Unit
determined that the causative agents of Crimean hemorrhagic fever and Congo
hemorrhagic fever were indistinguishable based on complement-fixation tests using
convalescent patient sera!™. The virus became known as Crimean hemorrhagic fever-
Congo virus in 1970, and the name was then standardized to Crimean-Congo hemorrhagic

fever virus (CCHFV) with the disease known as Crimean-Congo hemorrhagic fever
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(CCHF)?3. The Drozdov strain of CCHFV was commonly used in early studies, as it was
isolated from a human case of CCHF?>. However, the reference strain of CCHFV used by
western scientists is IbAr10200, which was isolated from a tick removed from a camel in

Nigeria in 19662,

1.1.2 Public Health Significance

The geographic range of CCHFV is the most extensive of the medically significant tick-
borne viruses, and it is the second most widespread of all hemorrhagic fever viruses, after
dengue virus (Figure 1.1)>*7. CCHFV is endemic to 30 countries in Western Asia,
Southeast Europe, the Middle East, and Africa>’. The European Centre for Disease
Prevention and Control estimates that there are 10,000-15,000 cases per year, including
500 deaths, and an estimated three billion people are at risk of infection’. Consequently,
CCHFYV poses a high risk to public health and has been classified as an National Institutes
of Health-National Institute of Allergy and Infectious Diseases (NIH/NIAID) Category A
and World Health Organization (WHO) high-priority pathogen'®!!. Transmission to
humans occurs through a tick bite, crushing of engorged ticks, or contact with infected
animal or human fluids. About two weeks post-infection, severe and fatal hemorrhagic

disease occurs, and case fatality rates can be as high as 70%?2.

Over the last two decades, an increase in CCHF case numbers in endemic areas and new
foci of CCHFV have emerged in several parts of the world®!>!3. This is most likely due to
anthropogenic factors such as changes in agricultural activities, land fragmentation,

importation of infected animals and ticks, and the potential influence of climate change
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influencing the ecology and disease dynamics'>!4!8, CCHFV circulates cryptically in a
tick-vertebrate-tick cycle in nature, with ixodid ticks of the genera Hyalomma being both
the reservoir and vector. Invasive Hyalomma ticks have been detected in several countries
beyond the typical vector range, which has partially been attributed to spread via migratory
birds and emphasizes the risk of Hyalomma spreading further and establishing new foci of

CCHFV2,12,13,19723 )

1.1.3 Genome Organization and Virion Structure

CCHFV has a tri-segmented, negative sense, and single-stranded RNA genome and is
classified within the genus Orthonairovirus of the family Nairoviridae**. The three
segments are known as the small (S), medium (M), and large (L) segments, with names
reflecting their relative nucleotide length?>%$. Each segment encodes untranslated regions
at the 3’ and 5’ termini that are partially complementary, forming closed circular viral RNA
molecules with an RNA panhandle required for transcription, replication, and

packaging® 2%,

The S-segment contains two ambisense open reading frames (ORFs) that encode either the
structural nucleoprotein (NP) or nonstructural protein S (NSs)**2%* (Figure 1.2A). The L-
segment contains one ORF that encodes the RNA-dependent RNA polymerase?? (Figure
1.2A). The M-segment contains one ORF that encodes a polyprotein referred to as the
glycoprotein precursor (GPC)*>*! (Figure 1.2A). The CCHFV GPC undergoes the most
extensive cleavage and processing of viruses in the order Bunyavirales. The N-terminal

signal peptide targets the M segment mRNA to the endoplasmic reticulum (ER), where it
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is translated into the ER. The five transmembrane domains weave the polyprotein through
the ER lumen?®3!733, The GPC is post-translationally cleaved and processed throughout the
secretory pathway to initially form the two precursor proteins, Pre-Gn and Pre-Gc. Pre-Gn
is cleaved to produce GP85 and the mature structural glycoprotein Gn. GP85 is either
cleaved into the mucin-like domain (MLD) and GP38 or forms a dimer, which is referred
to as GP160. Pre-Gc is cleaved to form the nonstructural protein M (NSwm) and the mature
structural glycoprotein Gc. The precursor proteins Pre-Gn and Pre-Gc and the nonstructural
proteins MLD, GP38, and NSy, aid in the maturation of Gy and Gc>#'7%. Overall, the
complex processing of the GPC includes N-linked glycosylation, complex folding from the
presence of many cysteine residues that may form disulfide bonds, and numerous O-linked

glycosylations 3!.

The C-terminal cytoplasmic tail of mature Gn contains two zinc finger domains that can
bind viral RNA and are thought to mediate the assembly of genomic segments within
virions***!, CCHFV virions are spherical and approximately 80-100 nm in diameter?
(Figure 1.2B). Heterodimers of Gy and Gc are found throughout the host cell derived lipid
envelope?®?8343%41 - Within the envelope, viral RNA is bound by the NP and RdRp,

forming ribonucleoprotein (RNP) complexes for each segment?>26-28,

1.1.4 Replication Cycle
Heterodimers of Gy and Gc on the viral envelope are responsible for binding to unknown
cellular receptors and initiating the infection cycle of CCHFV??%3! (Figure 1.3). It is

thought that mature Gc is the primary glycoprotein responsible for cell binding and entry
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and is a class II fusion protein***°

. Virions enter host cells by receptor-mediated
endocytosis, which is dependent on clathrin, cholesterol, microtubules, early endosome
compartmentalization, and pH*“*®. Fusion of the viral envelope with the acidified
endosome releases the viral genome into the cytoplasm>?°. The segment associated RdRp
synthesizes complementary positive-sense RNA molecules that can act as mRNA for
translation of viral proteins and as a template for transcription of negative-sense viral
RNAZ%. The NP, NSs, and RdRp proteins are translated by cytoplasmic ribosomes,
whereas the GPC is targeted to the ER for processing and maturation of the
glycoproteins?®2!32, Host microtubules aid in the association of new RNPs with the
cytoplasmic tails of mature Gn and Gc heterodimers for the budding of virus particles into
the Golgi body?>?623441 Mature virus particles are then released from infected cells via

exocytosis into the extracellular space?>2°.

1.1.5 Phylogeny

CCHFYV is the most genetically diverse arbovirus, and phylogenetic analysis is complicated
by differences in the diversity of the three genomic segments®>*’. The M segment
demonstrates the largest nucleotide divergence of the three segments at 31%, the L segment
has a 22% nucleotide divergence, and the S-segment is the most conserved with 20%
nucleotide divergence’. CCHFV clade nomenclature varies within the field and is
described using a Roman numeral system or by their geographic region®. There are either
six or seven clades of CCHFV, depending on the publication®>. Throughout this

dissertation, M segment clades will be discussed using the seven-clade grouping method
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and both Roman numeral and geographic terms: Clade I-Africa 1, [I-Africa 2, [T1I-Africa 3,

IV-Asia 1, IV-Asia 2, V-Europe 1, and VI-Europe 2.

1.1.6 Pathogenesis and Immune Response to CCHFYV Infection

Many human infections with CCHFV result in a mild, nonspecific febrile illness'?.
However, some patients develop severe CCHF, which can result in hemorrhaging, multi-
organ failure, shock, and death?. Human cases of severe CCHF are divided into four phases:
incubation, prehemorrhagic, hemorrhagic, and convalescent!~. The tick vector plays a key
role in the early pathogenesis of CCHFV>"2, Immunomodulation of the immune response
at the tick bite site by salivary proteins may aid in dissemination of the virus upon
introduction®!~>3. After the bite of an infected tick, the incubation period is approximately
one to five days!~. It is thought that antigen presenting cells (APCs), such as dendritic cells,
monocytes, and macrophages, are early targets of infection of CCHFV>#>_ Infection of
these early target cells triggers innate immune activation and release of interferon, which
is critical for controlling early viral replication®**°. Infected APCs migrate to draining

lymph nodes, where virus replication continues.

When entering the prehemorrhagic phase of disease, viremia becomes detectable, and
peripheral tissues, primarily the liver and spleen, begin to be infected!>’**367 The
prehemorrhagic period is marked by nonspecific symptoms such as fever in the first few
days of illness. The transition into the hemorrhagic phase of disease begins between days
three and five of illness®>. As the name suggests, patients begin to display characteristic

hemorrhagic manifestations during this time, including petechial rashes that progress to
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large bruises and bleeding from the gastrointestinal and urinary tracts?>’. This phase is also
associated with hepatic damage, elevated serum levels of liver enzymes, and high viral
loads from the inability to control viral replication!*7>46-38 [t is thought that significant
expression of proinflammatory cytokines in response to infection leads to vascular
dysfunction, disseminated intravascular coagulopathy (DIC), multi-organ failure, and
shock?>*36:58-60 progression to this state often results in a fatal outcome, occurring between

days five and 14 of illness'->>°.

The detection of antibodies in patient serum samples is associated with positive outcomes,
whereas humoral responses remain undetectable in fatal cases>>*%176*, Detection of serum
antibody levels and a decrease in viral load indicates a transition into the convalescent
phase. Production of IgM can be detected between days four and eight after symptom onset,
and IgG becomes detectable between days seven and nine after symptom onset>*6263,
These antibody responses are primarily binding antibodies targeted to the NP, but
neutralizing antibodies are also often present>*%. Neutralizing antibody titers can be highly
variable between patients®?, and no correlation has been made between antibody titers and
survival or protection from infection****%_ While a decrease in viral load is seen with
increasing antibody levels, a decrease in viral load has also been seen independent of IgG
production®’, implicating the role of cellular immunity in addition to humoral immunity.
Evaluation of the T cell recall responses of human survivors of CCHF has shown that
survivors have long-lived (>10 years) CD8+ T cell recall responses to the NP and GPC%,

but more information is needed to understand the role of T cells in CCHFV infection’*.
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1.1.7 Animal Models of CCHF

Early innate immune responses and interferon are critical for controlling viral replication,
and small animal models of CCHF require the use of immunocompromised mice lacking
signal transducer and activator of transcription 1 (STAT1 ") or interferon a/B receptor
(IFNAR )% In animal models, morbidity and mortality are rapid, and mice succumb to
infection by approximately four days post infection®”’!. Disease in these animal models is
characterized by hyperthermia followed by hypothermia, weight loss, elevated liver
enzymes, elevated proinflammatory cytokines, thrombocytopenia, coagulopathy, and
histopathologic changes in the liver and spleen, all of which recapitulate clinical findings

F®7!. These animal models have been used to evaluate the

of severe human CCH
immunogenicity and efficacy of CCHFV vaccines to determine the type of immune

response that is protective from lethal CCHF.

Vaccine development for CCHFV was hindered by the lack of a lethal animal model for

assessment of vaccine efficacy until 2010%%7°,

Following the development of
immunocompromised (STAT17 and IFNAR™) mouse models, advances were made in
evaluating candidate vaccines. However, the initial mouse models developed were not ideal
for assessing vaccine immunogenicity, as the animals are immunocompromised. In 2017,
Garrison, et al. demonstrated the use of transient immunosuppression using an anti-IFNAR
monoclonal antibody (mAb) in immunocompetent mice to generate a lethal model’?,
allowing for the evaluation of vaccine immunogenicity followed by vaccine efficacy in the

same animals, providing a better model for vaccine assessment. A nonlethal non-human

primate (NHP) model was first described in 2018%%. This model provides a tremendous
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advantage for future pre-clinical vaccine assessments of CCHFV vaccine candidates for

human use.

1.1.8 Difficulties in Vaccine Development to Prevent CCHF

There is currently no approved vaccine widely available for human use to prevent CCHF,
and the only vaccine available for human use is not licensed by the FDA. This vaccine was
developed in Russia and Bulgaria in 1974 and will be referred to as the ‘Bulgarian vaccine’
throughout this dissertation®’®. The Bulgarian vaccine was developed by passaging
CCHFYV in the brains of newborn mice, then inactivating the material with chloroform and
heat”®. This vaccine is given in multiple doses and has not been evaluated in clinical trials
for efficacy. It is unlikely that this vaccine will receive approval for use in countries beyond
Bulgaria due to safety concerns regarding the mouse neural tissue content and inactivation

mechanism’4.

A significant amount of work has been done over the past decade towards the development
of a vaccine for CCHFV after the development of lethal animal models’. Vaccine
development for CCHFV has assessed the whole virus, the full-length GPC, individual
proteins, or a combination of proteins as potential antigens, with no consensus on the most
efficacious antigen’®. The majority of vaccine development research has evaluated the use
of the NP or glycoproteins due to the development of binding and neutralizing antibodies

73 Tt is logical to target the surface

to these proteins during natural infections
glycoproteins with the thought of inducing neutralizing antibody responses. However, as

the glycoproteins are the most antigenically diverse between strains of CCHFV?, and
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neutralizing antibody titers don’t correlate with protection from CCHF>*, neutralizing
antibody production may not be the key for CCHFV vaccine development®*. As a different
strategy, the NP has been a common antigen evaluated for CCHFV vaccine development,
as the NP is expressed in the highest abundance during infection and has the greatest

homology between strains of CCHFV?.

Numerous vaccine candidates utilizing nine different types of vaccine platform technology
have been assessed without a human vaccine candidate reaching clinical trials’>. CCHFV
antigens have been used in inactivated, transgenic plants (oral administration), virus-like
particle (VLP), virus replicon particle (VRP), subunit, viral-vectored, DNA, DNA/VLP
blend, and mRNA vaccine platforms’. Of the vaccine candidates assessed, only
recombinant viral-vectored, VRP, mRNA, and DNA vaccines have demonstrated 100%
protection from lethal challenge in animal models, but not all constructs of a particular
platform. Of the ten vaccine candidates that have completely protected animals against
lethal CCHFV challenge, four of these are DNA vaccines’> '8, three are recombinant viral-

82,83

vectored vaccines” 8!, two are mRNA vaccines®®®*, and one is a VRP vaccine®* (Table

1.1).

Vaccine immunogenicity and efficacy studies have provided information on the immune
responses necessary for protection from lethal challenge with CCHFV, although
correlate(s) of protection have not been established. These studies have shown that
protective antibodies, both neutralizing and non-neutralizing, can be induced by

vaccination and that T cells can be robustly activated 66872777985 Qther studies in
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CCHFV animal models have demonstrated that passive transfer of CCHFV antiserum
alone does not provide clinical benefit, but the transfer of CCHFV antiserum and CD3+ T
cells significantly increases the mean time to death, and depletion of CD4+ and/or CD8+
T cells exacerbates morbidity and mortality during acute CCHFV infection®®®>. Together,
these studies suggest the need for both humoral and cellular immune responses for

protection against lethal CCHFV infection.

Recent research has been interested in trying to identify protective epitopes within CCHFV.
Various mAbs that recognize epitopes on different CCHFV proteins, some of which are
protective against lethal challenge, have been available since 200538438688 The epitopes
of these antibodies have not been fully elucidated. Some antibody binding sites of
polyclonal CCHFV antiserum have been identified throughout the NP and GPC using
peptide-binding enzyme-linked immunosorbent assays (ELISAs) or structural studies*>%-
9. Experiments attempting antibody epitope mapping have shown limited reactivity and
variability in immune reactivity between CCHFV strains, where slight sequence variation
ablated antibody binding of convalescent sera to peptides®*®. It is thought that most
antibodies to CCHFV bind to conformational rather than linear epitopes, and much of the

problem with CCHFV vaccine candidates is related to incorrect folding of the expressed

viral proteins due to the complex processing of the GPC?>!.

When assessing vaccine immunogenicity, splenocytes from vaccinated animals can be

restimulated with peptide pools generated from the GPC to measure T cell recall

responses®®’7-7%% Tt has been demonstrated that immunogenicity is not evenly distributed
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across the antigen, as the nonstructural proteins and N-terminal region of G¢ generates the
strongest recall responses. This pattern has been seen in both mice and Cynomolgus
macaques’”’®. Recall responses are variable depending on whether the stimulating peptide
pool is generated from a CCHFV strain that is homologous or heterologous to the vaccine
sequence’’. The nonstructural proteins display the greatest recall responses when using
homologous peptide sequences, whereas these recall responses are nearly absent when
using peptides from a heterologous strain of CCHFV. In contrast, significant recall
responses to the N-terminal region of Gc¢ are maintained when peptides from both
homologous and heterologous strains of CCHFV are used. Despite the abundance of data
showing the importance of T cells in immunity to CCHFV, the development of vaccines

geared towards enhancing T cell immunity have yet to be investigated.

1.2 Ticks
Multiple genera of ixodid, or “hard” ticks, are implicated as vectors for CCHFV and are

considered the true natural reservoir of the virus'>'4%7

. Ticks are hematophagous
arthropods, and they must acquire nutrients via a blood meal to undergo metamorphosis to

the next stage in their life cycle?. CCHFV cases and virus transmission peak in the spring

and summer, corresponding to tick feeding activity?.

1.2.1 Hyalomma Life Cycle and CCHFV Transmission Cycle
Multiple genera of ticks overlap the geographic distribution of CCHFV, and ticks in the
genera of Amblyomma, Dermacentor, Ixodes, and Rhipicephalus have been implicated as

vectors of CCHFV®®. However, ticks of the genus Hyalomma are considered the primary
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vector and reservoir of CCHFV and maintain CCHFV through transstadial, transovarial,
and venereal transmission’ (Figure 1.4). These ticks have strict host preferences and
parasitize fewer host families than ticks of other genera®®. Additionally, Hyalomma are
“hunting” ticks, which can quest long distances to find a preferred host for feeding’.
Completing the life cycle for Hyalomma ticks can take multiple years. Ticks in various life
cycle stages provide a large population for virus maintenance in endemic areas'*. CCHFV
replicates to high titers within reproductive organs of female Hyalomma ticks and is
transovarially transmitted?. Female Hyalomma ticks can lay thousands of eggs, some of
which can be infected with CCHFV. The newly hatched larva must find a host to take a
blood meal to acquire nutrients to grow. Different species of Hyalomma ticks have different
life cycles and can act as one-host ticks, two-host ticks, or three-host ticks, such as H.
scupense, H. marginatum, and H. anatolicum, respectively®. Different ticks of the same
species may have different life cycles and follow either a two-host or three-host feeding

pattern, which can depend on numerous factors, including climate® 1!,

This dissertation focuses on H. marginatum ticks, which are one of the principal species
implicated in the transmission of CCHFYV in Eurasia, including the highly endemic country
of Turkey”. H. marginatum are two-host ticks, and upon completion of feeding during the
larva instar, the ticks will stay on the same host while molting to the nymph instar. On the
same host, nymphs will complete a second feeding before dropping off to molt into an
adult. Both the larva and nymph instars are considered immature ticks, and these stages
prefer to feed on small hosts, such as rabbits, mice, ground-feeding birds, hedgehogs, and

lizards, in preferential order®®. After feeding, nymphs of both two-host or three-host ticks
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will drop off the host and molt into adults. Newly molted adult ticks will commonly
overwinter prior to feeding. Warm temperatures increase the activity of adult H.
marginatum ticks, and they will begin to actively seek out a host in the spring and summer
months'2. Adult H. marginatum ticks prefer to feed on large hosts such as cattle, sheep,
and camels but can also be found on birds and tortoises, although these hosts are less
preferred”®. Humans are incidental hosts for adult H. marginatum ticks>. While on the large
host, CCHFV can also be transmitted from infected males to females during copulation?.

Engorged female ticks will drop off the host, produce eggs, then undergo oviposition.

While some ticks may be infected with CCHFV upon hatching, uninfected ticks may
acquire CCHFV from any vector-host interaction during their life cycle, either from
feeding on a viremic host or through co-feeding with infected ticks on the same
host!231:102:103 "The number of different tick species and genera that feed on the same host
or have similar host preferences and close human interaction with domestic animals adds
layers of complexity to the transmission cycle’®. CCHFV transmission to humans occurs
through the bite of an infected tick, or contact with infectious fluids, either from animal
interactions or in patient care settings. Consequently, humans with agricultural or
slaughterhouse professions are at the highest risk of infection from increased contact with

CCHFV-infected ticks or fluids®’.

1.2.2 The Tick Bite Site, Feeding, and Bloodmeal Metabolism

Natural immunity to tick proteins can be acquired from repeated feedings of ticks on a

host!%*. As ixodid ticks initiate feeding, they will use their hypostome to penetrate the skin,
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anchor at the bite site, and create a hemorrhagic pool for feeding. During this process, tick
saliva is secreted into the tick bite site®®. Tick saliva is a potent immunomodulator that
contains hundreds of salivary proteins, many with redundant functions, involved in the
modulation of pain, coagulation, vasodilation, and inflammatory responses at the tick bite
site®®. These salivary proteins are referred to as “exposed” antigens because hosts are
naturally exposed to these antigens from each tick feeding!'®>!%. Repeated exposure to
these antigens, through repeated tick feedings, stimulates an immunological resistance to
the parasite!® 1%, During feeding, ticks alternate between salivating and ingesting the
bloodmeal from the pool'??. As fluids are ingested, the tick must concentrate the nutritious
components for digestion, and excess water and other ions such as sodium, cross the midgut
barrier to enter the hemocoel'?’. This excess fluid is taken up by the salivary glands and
returned to the host during salivation!®’. The concentrated bloodmeal components are

108,109 " Proteins in the

endocytosed and metabolized intracellularly by midgut cells
bloodmeal, such as antibodies, can interact with tick proteins that are not exposed to the
host during feeding, otherwise referred to as “concealed” antigens'®. Concealed antigens
are not limited to midgut proteins. Host antibodies can be found in the hemocoel after
feeding, likely from the bloodmeal concentration process. This demonstrates that larger

proteins can cross the midgut barrier, and host antibodies can interact with numerous tick

tissues from their location within the hemocoel 106110113,
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1.2.3 Tick Control Measures

1.2.3.1 Acaricides

Tick control measures were developed to combat the economic impact of ticks on cattle
production. Ticks negatively impact cattle production by directly damaging animal hides,
reducing animal production due to blood loss, and introducing vector-borne diseases''*.
Before the discovery of dichlorodiphenyltrichloroethane (DDT) having insecticide
properties in 1939, there were very limited options for controlling ectoparasites'!®. Over
the years, ticks began to acquire resistance to the insecticide, and new insecticides and
acaricides were developed. This resulted in a pattern of tick control measure development
followed by acquired acaricide resistance, for DDT and organochlorines,
organophosphates, amidines, and pyrethroids, throughout the twentieth century!'>. In
addition to acquired resistance, these compounds had numerous issues, including toxicity
to animal hosts, consumers, and the environment''*!!'>. Current research for new control
measures is based on immunological control of ticks through the development of anti-tick
vaccines''*. Unlike acaricide use, this method is largely exempt from environmental

problems and can be used to target both ticks and tick-borne pathogens'!*.

1.2.3.2 Tick Vaccines Against Exposed and Concealed Antigens

Efforts to develop anti-tick vaccines have focused on controlling the cattle tick
Rhipicephalus (Boophilus) microplus due to its economic importance!'®. This tick species
serves as an excellent model for anti-tick vaccines since it is a one-host tick that will remain
on its host throughout its life cycle and does not have multiple vector-host interactions.

Control of R. microplus ticks by vaccination using R. microplus protein was first reported
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in 1989!'"7. This vaccination strategy used the 86kDa midgut membrane-bound glycoprotein
(Bm86), and antibodies against Bm86 were shown to interact with the tick proteins
following ingestion of the blood meal, destroying midgut cells and rendering the ticks
unable to digest their blood meal''8. This resulted in high tick mortality and significantly
decreased egg-laying capacity, which in turn reduced populations in subsequent
generations. Two anti-tick vaccines utilizing Bm86 have been licensed for commercial use
in cattle; TickGARD in Australia plus Gavac in Cuba and parts of South America'®.
Integrated use of TickGARD in bovine tick control programs has reduced the cost of
chemical acaricides by 83.7% per bovine per year'?’. Unfortunately, Bm86-based vaccines
have had a limited impact on tick control efforts due to the inefficacy of the vaccine against

multiple tick species!'®.

To improve the Bm86 vaccination strategy, various candidate anti-tick vaccines have been
developed utilizing both exposed and concealed antigens (Table 1.2)!'*. These antigens
have been developed from Rhipicephalus, Ixodes, and Hyalomma tick species.
Immunization with some of these antigens has been shown to reduce tick feeding and
reproduction of multiple tick species and reduce the infection and transmission of
pathogens from the tick to the vertebrate host'?!. These candidate antigens have been
evaluated as recombinant protein in adjuvant formulations, but other vaccine strategies,
such as viral-vectored vaccines, are also being explored. However, none of these vaccine

candidates have advanced toward commercial development.
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Anti-tick vaccine candidates utilizing exposed antigens have different hypothesized
mechanisms of action than vaccine candidates using concealed antigens. Since exposed
antigens are present within the salivary components that are secreted into the host upon
feeding, it is hypothesized that host antibodies to these proteins would alter the
immunomodulation of the tick bite site to prevent tick attachment and feeding.
Additionally, it is thought that after immunization with these antigens, subsequent
exposure to the antigen during tick feedings would act as an immunological boost, and
repeated tick exposure would continuously boost the immune response. Unfortunately, due
to the copious amount of secreted immunomodulatory proteins within tick saliva, it is also
thought that immunization with a single exposed antigen is overcome by the redundancy

33106 Ag described above, immunization with

of immunomodulatory components
concealed antigens induces humoral responses that are taken up during feeding and interact
with internal proteins. While Bm86 is located only in the midgut membrane and has direct
contact with the bloodmeal, other concealed antigens, such as Subolesin, are found in other
tick tissues such as the ovaries. It has been hypothesized that immunoglobulins crossing
the midgut membrane into the hemocoel can interact with concealed antigens found in
other tick tissues'%. Thus far, studies have not shown that ticks are able to overcome the
effects of antibodies against concealed antigens from the presence of redundant proteins,

as seen with exposed antigens, which is encouraging for the continued development of anti-

tick vaccines utilizing concealed antigens.

While anti-tick vaccine candidates utilizing exposed versus concealed antigens have

different mechanisms of action, the protective effect of anti-tick antigens is evaluated using
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the same parameters: reduced numbers of engorged ticks, increased mortality, reduced
engorged weight, and reduced oviposition in females'’. Additional studies may be
undertaken to evaluate the role of the anti-tick antigen in the prevention of tick-borne
pathogen transmission. The ideal anti-tick candidate vaccine would be highly
immunogenic using a single dose, and the resulting immune response would demonstrate
a significant reduction in ectoparasite infestation, survival, oviposition, and pathogen

transmission.

1.3 Subolesin

1.3.1 Protein Discovery and Homology Across Species

Subolesin, originally known as 4D8, was first identified as a candidate tick protective
antigen in 2003 from immunization of mice with cDNA clones from an 1. scapularis
embryonic cell line (IDE8) derived expression library'??. Subolesin displays reductive
evolution, and the protein is shorter in tick genera that have most recently diverged, such
as Rhipicephalus and Hyalomma, compared to Ixodes'?®. Although the protein length
differs, Subolesin is highly conserved. Subolesin has 84.7% residue identity or greater
among the five tick genera within the geographical range of CCHFV that are implicated in
CCHFV transmission (Hyalomma, Dermacentor, Amblyomma, Rhipicephalus, and
Ixodes)’®'?*, and 77.3% identity or greater when analyses are expanded to include
Haemaphysalis and Ornithodoros genera. The conservation of Subolesin poises it to act as
a broad-spectrum anti-tick antigen. Subolesin has lower levels of conservation when
compared to other dipterans, with 53.4% identity between Hyalomma anatolicum and

Aedes aegypti and 47.2% identity between Hyalomma anatolicum and Glossina
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morsitans'?*. Subolesin in ticks is the functional homolog of Akirin2 in vertebrates'?’. The
conservation of Subolesin with homologous proteins in other species is consistent, with a

48.0% identity to Akirin2 from rats'?.

1.3.2 Function of Subolesin and Impact of Subolesin Impairment

Subolesin/Akirin2 is a transcription cofactor that acts with Relish/Nuclear-factor kappa-
light-chain-enhancer of activated B-cells (NF-kB) in the immune deficiency (IMD) and
tumor necrosis factor/toll-like receptor (TNF/TLR) signaling pathways, which are critical

in stimulating expression of genes involved in the tick immune response!?*!25-129,

Subolesin is expressed in the cytoplasm and is also found in the nucleus of tick cells'?.
Nuclear localization of the protein is required for its function as a transcription cofactor.
There are two nuclear localization signal (NLS) sequences within Subolesin, which are
conserved in the Akirin2 protein'?®. It is thought that these NLS domains are post-
translationally modified through phosphorylation, similar to Relish/NF-kB, which triggers
interaction with Importin-a for import into the nucleus, but Subolesin can also localize to
the nucleus to exert its function in an Importin-o independent manner!2*13%13! Within the
nucleus, the extent of Subolesin’s binding partners remains unknown'?>!3°. However,

Subolesin has been implicated in having a role in numerous cellular processes beyond its

role in the tick immune response.

RNA interference (RNAIi) studies have demonstrated that Subolesin plays an important

role in gene expression, tick survival, and completion of the tick life cycle. Subolesin is

involved in tick stress, feeding, and reproduction, and lack of Subolesin protein function
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results in the deterioration of the midgut, salivary glands, reproductive tissues, and embryos
123.132-137 " These studies have also determined that Subolesin and Relish (NF-kB) are
involved in reciprocal regulation'?’, and numerous genes are differentially expressed

following Subolesin knockdown'%,

1.3.3 Subolesin as an Anti-Tick Vaccine Antigen

The long-term goal of anti-tick vaccines is the reduction of tick populations and viral,
bacterial, and protozoan tick-borne diseases'!'*. Immunogenicity of these vaccines is based
on the induction of humoral responses, with the hypothesis that the interaction of antibodies
with the protein of interest impacts protein function, exerting a negative impact on the tick,
as seen with the Bm86 vaccine!!®!38, Efficacy of anti-tick vaccines is measured by
comparing ectoparasite infestation (number of ectoparasites completing feeding), weight
(weight of engorged female ectoparasites), oviposition (number of eggs per female), and
fertility (number of larvae per female) between ticks placed on vaccinated or unvaccinated
animals'®. These measures show the impact of the anti-tick vaccine on different points of
the life cycle of ticks and allows for straight-forward evaluation of the protective capacity

of these vaccines against multiple types of ectoparasites.

The protective capacity of Subolesin as an anti-tick antigen has been shown through
feeding of ticks on vaccinated animals and by force-feeding of ticks using serum from
vaccinated animals, emphasizing the importance of the humoral response to
vaccination!!#123:132.139-144 © A qymmary of studies evaluating Subolesin as an anti-tick

antigen can be found in Table 1.3. Subolesin has primarily been evaluated as a recombinant
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purified protein or chimeric protein that has been adjuvanted with Freund’s Complete
Adjuvant (FCA), Freund’s Incomplete Adjuvant (FIA), Montanide ISA 50 V2, or 10%
Montanide 888 in vaccination trials of mice, rabbits, sheep, deer, and cattle (Table 1.3)
123139 Impacts on various stages of multiple ectoparasites in the genera of Aedes,
Anopheles, Phlebotomus, Caligus, Dermanyssus, Ornithodoros, Ixodes, Haemaphysalis,
Amblyomma, Dermacentor, Hyalomma and Rhipicephalus have been shown, including
heterologous protection against multiple species due to the highly conserved nature of the
protein'?*!13% Despite Subolesin being the most promising anti-tick vaccine candidate,
vaccine efficacy ranges significantly from none to 99% depending on experimental
conditions, including the use of different doses, adjuvants, animal models, tick challenge
species and stage, and measurement of vaccine efficacy (overall efficacy versus efficacy

of individual measurements: infestation, weight, molting, oviposition, or fertility).

Immunization of animals with Subolesin has been shown to reduce ectoparasite infection
when feeding on hosts infected with Anaplasma marginale, Anaplasma phagocytophilum,
Borrelia burgdorferi, and Babesia bigemina'*'*®. In contrast, vaccination with Subolesin
has very limited data on its protective capacity against tick-borne viruses. Mice immunized
with Subolesin were not protected from the transmission of tick-borne encephalitis virus
(TBEV; Central European subtype, strain Hypr) from infected female Ixodes scapularis
ticks feeding on the mice!*’. The difference in protection against these diseases may be
attributable to the duration of tick attachment for transmission or the directionality of

148-151

transmission . Since Subolesin immunization significantly impacts ectoparasite

infestation, many ticks may not remain attached for a time sufficient to internalize or
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transmit bacteria and protozoans. In contrast, it is thought that tick-borne viruses are
transmitted more rapidly (less than 24 hours of attachment) than bacterial pathogens
(greater than 24 hours of attachment)!*®~!>!, However, research to determine the duration
of tick attachment needed for transmission of viruses has been limited to Thogoto virus
and Powassan virus!'®. Thus, the impact of Subolesin immunization on ectoparasite
infestation may play a greater role in reducing bacterial and protozoan tick-borne diseases
than viral tick-borne diseases. These data suggest that while Subolesin is an excellent
candidate for a universal protective antigen against tick infestations and bacterial and
protozoan infections!?, pathogen-specific vaccine development is needed to protect tick

hosts against various tick-borne viruses'*’.

Subolesin immunogenicity is evaluated by measuring binding antibody titers using
enzyme-linked immunosorbent assays. Unfortunately, the vaccination regime of Subolesin
as a protein in adjuvant vaccine requires multiple doses. Two studies have attempted to
increase the immunogenicity of Subolesin to reduce the number of needed doses by
generating a chimeric Subolesin antigen or by delivering Subolesin within a viral vector.
In the first study, the fusion of Subolesin to the N-terminal region of the major surface
protein la (MSP1a) of Anaplasma marginale generated a SUB-MSP1a chimeric antigen
that localized to the membrane of Escherichia coli during expression, making the chimeric
protein membrane-bound'**!>*, Immunization of animals with this membrane-bound
preparation in Montanide ISA 50 V2 significantly increased the immunogenicity and
protective capacity of the vaccine compared to Subolesin only!'**. In the second study, a

recombinant Vaccinia virus expressing Subolesin was generated'*®. This recombinant virus
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did not include a modified form of the Subolesin protein. Similar to the protein in adjuvant
approach, anti-Subolesin antibodies were generated in vaccinated mice, and there was a
52% reduction in tick infestation compared to control mice. These two studies provide
important proof of concept studies, and avenues, for improving Subolesin’s

immunogenicity and efficacy as an anti-tick vaccine.

1.4 Myxoma Virus

Myxoma virus (MY XV) was first described in 1896 by Sanarelli as the causative agent of
a fatal disease of imported European rabbits of the genus Oryctolagus'>. MYXV was later
found to be an endemic pathogen of North and South American rabbit species in the genus
Sylvilagus'>>~'%". In Sylvilagus species, MY XV causes a benign fibroma at the inoculation
site, with no further clinical signs. However, in Oryctolagus species, MY XV causes the
severe disease myxomatosis, which has a nearly 100% fatality rate. In the 1950’s MYXV
was explored as a means of controlling the wild Oryctolagus population and was
introduced to Europe and Australia, where it is now endemic. MYXV spreads between
rabbits through direct contact or contact with contaminated surfaces, but most commonly
through mechanical transmission by biting insects such as mosquitos, fleas, and ticks !>~
157 Due to its high mortality, numerous vaccines have been developed since the 1950s to

prevent myxomatosis in farmed, pet, and wild rabbits!>>1%,

MYXYV is the prototype species of the Leporipoxvirus genus that is found within the

Chordopoxvirinae subfamily of the Poxviridae family'>. The Lausanne strain (Lu) of

MYXV (isolated in Brazil in 1949) was the first MYXV genome to be sequenced and is
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considered the reference strain'>®. Other members of the Leporipoxvirus genus include
Shope fibroma virus (also known as rabbit fibroma virus), hare fibroma virus, and squirrel
fibroma virus'**. MYXV has a double-stranded DNA genome of 161,774 nucleotides in
length and contains terminal inverted repeats (TIRs)!>’. The single-stranded ends form
covalently closed hairpin loops at each end of the linear genome. ORFs are found on both
strands of the genome, and MY XV has 159 unique ORFs, with 12 genes duplicated within
the TIRs, for a total of 171 proteins expressed from MYXV!>. Genes were named in
numerical order beginning at the left-most end of the genome in the TIR, starting with
MOO1L. After the numerical designation, genes are named with L or R, meaning left or
right, indicating the direction of transcription of the gene. The homologous gene to MOO1L
in the right-most end of the genome within the TIR is designated as MOO1R, allowing for
differentiation of the same protein that is present within two locations of the genome. Each
gene is transcribed from a unique promoter, which are classified into early, intermediate,
and late categories based on the time at which the genes are transcribed during the
replication process!®. There are numerous genetic similarities of MYXV to other
poxviruses, such as VACV, and most often, these similar genes (at least 90'%°) are found

139 Genes

within the center of the genome and are involved in virus replication and structure
found closer to the termini of the genome encode host-range and virulence factors that are

key for the strict species-specific nature of poxviruses'>’. Of these, 42 MYXV genes have

demonstrated immunomodulatory effects within the host!®’.

The MY XYV virion follows the characteristic morphology of poxviruses; it is approximately

200-300nm in diameter and brick-shaped!¢®!¢!. Specific cellular receptors for many
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poxviruses have not been identified, but poxviruses are thought to bind primarily to
glycosaminoglycans (GAGs) on the host cell membrane for internalization'®°. Since GAGs
are found in a variety of cell types, poxviruses can bind and enter a variety of both
permissive and restrictive cells, and the ability of the virus to complete the replication cycle
is dependent on the host-range and virulence factors encoded by the specific poxvirus'.
Two different virion forms are considered mature virions that can initiate the infection
cycle: the intracellular mature virus (IMV) and extracellular enveloped virus (EEV)!¢%:161,
In both forms, the biconcave virion core containing the genome is flanked by two lateral
bodies. These forms differ by the number of enveloping membranes!®*!®!. IMV particles
are the first form of the virion produced during the replication cycle and are shuttled
through the Golgi apparatus, where they are wrapped with another membrane, forming
intracellular enveloped virions (IEV)!'6%1¢! TEV particles are exocytosed to form cell-
associated enveloped virus particles (CEV) or free EEV particles, or EEV particles are
formed by direct budding of IMV particles from the cell membrane!®*!®!. Production of
viral stocks in laboratories uses cell lysis to release IMV particles rather than collecting
EEV particles from cell supernatant'®?. Virus replication occurs exclusively in the
cytoplasm of infected cells in specialized sites known as replication factories'®?. During
replication, viral DNA is subject to high levels of homologous recombination!6®!%4

providing an efficient mechanism for removing or inserting desired genes within poxvirus

£enomes.

Host-restricted poxviruses have been viewed as attractive vaccine vectors because they

0

lack replication competency in nonpermissive species'®® and are tolerant of large
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insertions'®. Poxviruses such as VACV Modified Vaccinia Ankara (MVA) strain,
fowlpox, canarypox, and lumpy skin disease virus, have all been assessed for their use as
non-replicative vaccine vectors. Four veterinary vaccines using poxviral vectors have been
licensed for use in the United States'®S. Recombitek® by Boehringer-Ingelheim encodes
two glycoproteins from canine distemper virus and is licensed for use in dogs.
PUREVAX® FeLV by Boehringer-Ingelheim encodes four proteins from feline leukemia
virus (FeLV) and is licensed for use in cats. PUREVAX® Rabies by Boehringer-Ingelheim
encodes the Rabies virus (RABV) glycoprotein (G) and is licensed for use in cats.
RABORAL V-RG® by Boehringer-Ingelheim encodes the RABV-G and is licensed for

use in wildlife such as raccoons and coyotes.

MYXV has been explored as a host-restricted vaccine vector through the removal of
immunomodulatory genes and insertion of foreign genes using homologous
recombination!>®. As an attenuated replication-competent vaccine vector in rabbits,
MYXV has been used as a backbone for the internationally licensed bivalent vaccine
Nobivac Myxo-RHD®), targeting myxomatosis and rabbit hemorrhagic disease (RHD)'®".
MYXYV is replication-competent only in rabbits, giving this vector a robust safety profile
for use in other species. MY XV is safe and immunogenic as a recombinant vaccine against
rabbit hemorrhagic disease virus in sheep'® and feline calicivirus in cats'®®. These were

important proof-of-concept experiments demonstrating that simple heterologous antigens

expressed by MY XV can be immunogenic in nonpermissive species.
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1.5 Rabies Virus

Rabies was first described in the fourth century using the Greek term ‘lyssa’ as a disease
of madness'®!7°. The disease was shown to be of infectious nature in the early 1800s by
injecting saliva of diseased animals into healthy animals'®®. This research became of
interest to Louis Pasteur, and in 1885, Pasteur began treating individuals who had been
bitten by rabid dogs'’!. This work demonstrated the use of a live attenuated vaccine for

preventing rabies, although it wasn’t until 1936 that the rabies virus was isolated'”".

Rabies virus (RABV) is the prototype species of the Lyssavirus genus within the
Rhabdoviridae family!”?. This family of viruses was named for their characteristic virion
shape, which is the shape of a bullet or rod'’?. Rabies virus has a single-stranded, negative-
sense RNA genome that encodes five genes: the nucleoprotein (N), phosphoprotein (P),
matrix protein (M), glycoprotein (G), and RNA-dependent RNA polymerase (L)!"%!172,
These five genes are transcribed in a gradient, with genes at the 3’ end of the genome (N)
being transcribed more than genes at the 5° end of the genome (L) '7%!72, The RABV G is
the only protein expressed on the surface of the virion and is found as a trimer throughout
the host-derived lipid membrane'’*!”2. RABV G is anchored in the membrane via a
transmembrane domain, and the cytoplasmic tail within the virion interacts with the matrix
protein, which is associated with N, P, L, and the RNA genome to form the bullet virion

shape! 7172,

All mammals are considered permissive to RABV, and despite available vaccines for

humans and animals, RABV is maintained in enzootic cycles throughout the world!”*. In
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areas with large-scale vaccination campaigns, human RABV infections have been
eliminated by eliminating RABV infections in dogs!”>. RABV vaccines have been greatly
improved since their development in 1885. Current vaccines have extensive safety and
efficacy profiles after being administered for decades and have been shown to be safe and
immunogenic, with long-lasting immunogenicity!”?. Human RABV vaccines are
inactivated preparations with adjuvant and require at least two doses for pre-exposure
prophylaxis or four doses for the post-exposure prevention of rabies'’*. Vaccines for
animals include adjuvanted inactivated viruses or modified live viruses that can be given

intramuscularly or orally using bait distribution for wildlife!”*!7>.

Since the development of the reverse genetics system for RABV!7® next-generation

vaccines for RABV include recombinant vaccines and the use of RABV as a vaccine

176

vector '°. RABYV has been researched as a recombinant vaccine vector for decades since

large foreign antigens can be stably incorporated into the RABV genome without the loss

of RABYV replication function!”’

. The major concern with using RABV as a vaccine vector
is its pathogenicity. The RABV G determines the viral tropism and is believed to be the
main determinant of viral pathogenicity. Studies have shown that the introduction of
mutations can abolish the neurotropism of RABV, specifically mutating the amino acid

177

residue 333, generating a safe, replication-competent vaccine vector' '’. This is an attractive

vaccination platform, as it generates high levels of immunogenicity to both the inserted

177 RABV-vectored vaccines,

foreign antigens and the RABV G from a single dose
encoding antigens from Lassa virus'’®, Ebola virus!”'%, Nipah virus'®!, or Severe Acute

Respiratory Syndrome coronavirus 2 (SARS-CoV-2)!¥? are in preclinical development.
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1.6 Goals of Dissertation

CCHFV has a complex transmission cycle, where Hyalomma marginatum is the primary
vector and reservoir of the virus, and humans are the only species that develop clinical
disease?. Hyalomma marginatum relies on mammals for bloodmeals, and these vector-host
interactions provide an exploitation point to target for vaccine development. While a
significant amount of research has been conducted in attempts to develop a vaccine to
prevent CCHF, no candidates have advanced to clinical trials’>. No efforts have been
directed at the development of vaccines targeting each vector-host interaction point of the
CCHFV transmission cycle. The overall goal of this dissertation was to develop and
evaluate tick and virus targeting vaccine candidates for both the tick vector and vertebrate
host interaction points in the CCHFV transmission cycle. The hypothesis being tested is
that utilizing diverse vaccine technologies for the development of vaccine candidates that
target unique points of the CCHFV transmission cycle is the optimum vaccine development

strategy for CCHFV. These studies are divided into four specific aims:

Specific Aim 1: Develop and evaluate a poxvirus-vectored anti-tick vaccine for hosts
of immature Hyalomma marginatum.

Hypothesis: Subolesin will not alter the replication of the viral vector, and the recombinant
virus expressing Subolesin will be an immunogenic vaccine candidate.

Rationale: Previous studies have demonstrated that Subolesin is a highly conserved,
immunogenic, and efficacious tick antigen when used as a protein in adjuvant vaccine
formulation'*. One proof-of-concept study demonstrated that Subolesin could be

immunogenic and efficacious when expressed from a poxvirus vector'#¢. Immature stages
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of H. marginatum ticks have a predominant host preference for small mammals such as
rabbits’®. It is proposed to use a poxvirus with a strict host restriction to rabbits to develop

a vaccine candidate targeting the hosts of the immature stages of H. marginatum ticks.

Specific Aim 2: Evaluate the expression and immunogenicity of a rabies virus-
vectored anti-tick vaccine for hosts of adult Hyalomma marginatum.

Hypothesis: The utilization of rabies virus as a replication-competent vector for Subolesin
will produce an immunogenic vaccine candidate.

Rationale: The live-attenuated rabies virus is a well-established vaccine strain with

177 Rabies virus has been used as a viral vector for

worldwide use in a variety of mammals
vaccine development, and previous vaccine candidates have been developed by generating
chimeric antigens using the C-terminus of the rabies virus glycoprotein!”’. A different
chimeric protein strategy has previously demonstrated an increase in immunogenicity and

efficacy of Subolesin'>.

It is proposed to generate a Subolesin and rabies virus
glycoprotein chimeric antigen for use within a recombinant rabies virus as a vaccine

candidate targeting large mammals, which are the preferential hosts for adult H.

marginatum ticks’®.

Specific Aim 3: Identify potential epitopes in the CCHFV GPC to create a novel
CCHFYV DNA vaccine candidate and assess vaccine characteristics in vitro and in vivo.
Hypothesis: Reducing antigen size and processing from the full-length CCHFV GPC by
generation of a multi-epitope antigen will result in an immunogenic DNA vaccine

candidate.
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Rationale: The CCHFV GPC undergoes complex cleavage and processing for the
maturation of the structural glycoproteins, and the GPC sequence is the most diverse of the
three virus segments?. Due to the complicated nature of this process, in addition to a lack
of mapping of protective epitopes, the whole CCHFV GPC has been used as a common
antigen for CCHFV vaccine development rather than using immunogenic regions>*’>,
Current research in the field highlights the utility of DNA vaccines for CCHFV, as they
offer a safe, easily scalable, cost-effective, and stable approach for human vaccination.
DNA vaccines encoding the whole GPC robustly stimulate both humoral and cellular
responses. T cell recall responses are unevenly distributed across the GPC and are
diminished when using peptides from heterologous strains of CCHFV for stimulation®7"~
799 Multi-epitope antigens have been proposed to overcome the size and complex

processing associated with using the whole GPC as a DNA vaccine antigen and to increase

immunogenicity across diverse CCHFV strains’>.

Specific Aim 4: Evaluate the biological impact of anti-Subolesin antibodies on tick
cells.

Hypothesis: Anti-Subolesin antibodies can enter tick cells to prevent the function of
Subolesin, therefore leading to measurable changes in gene expression or metabolism of
tick cells.

Rationale: Subolesin binding antibodies are the protective mechanism of Subolesin
protein-in-adjuvant vaccines. However, it is unknown how antibodies exert an effect on
this intracellular protein. Previous research has shown that antibodies can cross cell

106,110-113

membranes during feeding as part of the bloodmeal concentration mechanism and
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that incubation of tick cells with antibodies to actin leads to intracellular protein binding '*2.
When Subolesin is silenced using RNAI, there are numerous differentially expressed genes
that are involved in multiple biological processes, similar to the effects seen in ticks that
have fed on Subolesin vaccinated animals'?%123-127:132-137 ‘Intracellular antibody binding to

Subolesin may exert differential gene expression, as seen with RNA1 studies.
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Table 1.1: CCHFYV vaccine candidates that have demonstrated 100% protection from lethal challenge in mouse models and

protection from disease in the C. macaque model.

Vaccine Antigen(s) . . Challenge Challenge
Platform Encoded Vaccine Dose Animal Model Dose Strain Reference(s)
Scholte, et al.,
2019 #
GPC (Oman-98) IbAr10200
One dose of 1 or 2.15 . 100 TCIDso or . Spengler, et al.,
VRP RdRp and NP 10° TCIDs IFNAR™ mice 373 TCIDso Turkey2004, 2019 183
(IbAr10200) Uity
Spengler, et al.,
2021 184
IFNao/B/YR ™ Farzani, et al.,
NP (Ank-2) Two doses of 25 pg mice 1000TCIDso Ank-2 2019 83
+
mRNA (jﬂmfc;l(gl;;gP Two doses of 10 pg Appelbere. of al
’ € (single antigens) or 20 | IFNAR™ mice | 400 FFU bAr10200 | PPEOCE Ttal,
and NP (combination) 2022
combination HE
Viral- \C/}fs(i:c(rlzerlrslg)zrggt)itlir; One or two doses of STAT-17" 50 PFU Turkev-2004 Rodriguez, et al.,
Vectored i 107 PFU mice ey 2019 &
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GPC (IbAr10200)

Buttigieg, et al.,

in Modified Two doses of 10’ PFU | IFNAR™ mice | 200 TCIDso IbAr10200 2014 7
Vaccinia Ankara
NP (Ank-2) in - .
. ) Two doses of IFNo/B/yR Farzani, et al.,
Bovine Herpesvirus 100TCIDso mice 1000TCIDso Ank-2 2019 8!
Type 4
NP (Ank-2) in Two doses of IFNo/B/yR ™~ Farzani, et al.,
Adenovirus type 5 100TCIDso mice 1000TCIDso Ank-2 2019 !
Ubiquitin-linked Hinkula. et al
GN, GC, and NP Three doses of 50 pg | IFNAR™ mice 400 FFU IbAr10200 ) 017’ 25
(IbAr10200)
NP (Ank-2) alone Farzani, et al
or co-delivered with | Two doses of 50 pug | IFNAR ™ mice | 1000 TCIDso Ank-2 a6
2019
CD24
DNA
Transient
immune Suschak, et al.,
GPC (IbAr10200) Three doses of 50 ug suppressed 100 PFU IbAr10200 20017
C57BL/6 mice
Ubiquitin-linked Three doses of one mg | Cynomolgus s . Hawman, et al.,
NP and GPC (Hoti) of each plasmid macaque 1x10° TCIDso Hot 2020 78
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Table 1.2: Candidate protective antigens for anti-tick vaccine development.

Antigen A;l‘;lseen An?ils)g eecnle(s):ifgin Reference(s)
15kDa salivary I scapularis and Garcia, et al., 2014 '8
gland protein | Exposed | ]l; e Anguita, et al., 2002 86
(Salpl15) ' Hovius, et al., 2007 ¥
Nuttall, et al., 2006 '%
. 188
64P Exposed | R. appendiculatus Haﬁ;;?gi,e; ta;.l’. ’220 (? 09 5
Labuda, et al., 2006
Aquaporin . Campb'ell, et al., 20101;?9
(AQP) Concealed R. microplus Hussein, et al., 2015
Guerrero, et al., 2014 '°!
R. microplus
) also R.
86kDamidgut | (0 led amgalatus, R. Willadsen, et al., 1989 17
protein (Bm86) .
sanguineus, and
H. anatolicum)
Bm91 Concealed R. microplus Willadsen, et al., 1996 2
Bm95 Concealed R. microplus Garcia-Garecia, et al., 2000 '3
Caér(cjalt{%ﬂm Exposed H. anatolicum Kumar, et al., 2017 124
Cathepsin L-
like cysteine L. ricinus and 124
. Concealed 1 Kumar, et al., 2017
proteinase H. anitolicum
(CathL)
Elongation . Almazan, et al., 2010 '
factor la Concealed R. microplus 195
Almazan, et al., 2012
(EF1la)
Ferritin 2 Concealed | H. anatolicum | Manjunathachar, et al., 2019 '%
Glutathione-S
transferase | Concealed R. microplus Almazan, et al., 2010 '**
(GST)
197
Salpl6 Exposed L scapularis Sukll?r?lse:rz;?t[ i;) ?(2)00 6 198
199
Salp25D Exposed L scapularis Nar;zialih?niﬂ.e’tza(l).(,)g 006 2
Selenc\))sroteln Concealed R. microplus Almazan, et al., 2010 '**
Serpins (RAS- R. appendiculatus
3, RAS-4, Concealed and Imamura, et al., 2005 2°!
RIM36 Haemaphysalis Imamura, et al., 2006 202
cocktail) longicornis
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Merino, et al., 2013 '#

Silk Exposed R. microplus Antunes, et al., 2014 140
Subolesin Concealed I scapularis Almazan, et al., 2003 2
Tick histamine
release factor | Exposed . scapularis Dai, et al., 2010 2%
(tHRF)
Tick salivary
lectin pathway . Schuijt, et al., 2011 2%
il | O seean Schuit, ct al., 2011 205
(TSLPI)
Tropomyosin | Concealed | H. anatolicum | Manjunathachar, et al., 2019 !%
TROSPA Concealed I scapularis Pal, et al., 2004 2%
: 194
Ubiquitin Concealed R. microplus and Almazan, et al., 2010

R. annalatus

Almazan, et al., 2012 %
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Table 1.3: Subolesin anti-tick vaccine candidates and efficacy.

* Percent values were rounded to the nearest whole number for consistency between studies.

Vaccine Efficacy
(1)
Vaccine Subolesin Antigen Animal Challenge Species (Ov.erall, %o
. Dosage Reduction of Each | Reference
Platform Species Model and Stage Measurement. or %
) 0
Mortality) *
R. haemaphysaloides g‘lg%eod:;es Balb/c mice ﬁr‘}:zsmap (o Engorgement: 29%
Attachment: 20%
Purified protein . Three doses . R. haemaphysaloides | Engorgement: 16%
in Freud’s R haemaphysaloides of 100 pg Balb/c mice nymphs Weight: 26% Lu, etal.,
complete Molting: 3% 2016 27
adjuvant (FCA) Attachment: 14%
R haemavhvsaloides Three doses | New Zealand | R. haemaphysaloides | Engorgement: 43%
' Py of 250 ug | white rabbits | adults Weight: 43%
Egg weight: 53%
Two doses Almazan,
L scapularis CD-1 Mice | I scapularis larvae Overall: 71% et al.,
of 10 ng 2003 122
) . Infestation:
ilu;ﬁii,g rotein 35% (1. scapularis)
incomplete 1 scapularis, 22% (D. variabilis) Almazan
N d'uvarilt (FIA) | L scapularis Three doses | New Zealand | D.variabilis, and 17% (A. americanum) ot al ’
J - seap of 50 ug white rabbits | A. americanum Engorged Weight: 200 5"208

nymphs

0% (I. scapularis)
32% (D. variabilis)
3% (A. americanum)
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Four doses Overallz 99% Almazan.,
L scapularis £100 Sheep 1. scapularis adults Infestation: 90% et al.,
or U HE Oviposition: 87% 2005 2%
O. erraticus
Oviposition: 22%
Fertility: 9%
Purified protei O. erraticus 0. moubata
:frl 'ed profein . Oviposition: 8% Manzano-
1* dose in FCA O. erraticus Fertility: 6% Roman. et
2" dose in FIA Wirigg aloses) | Ny A, | o o) il | LS ;
d i of 100 pg white rabbits O. erraticus al., 2012
3™ dose: no and nymphs e Ao 210
diuvant OV1p951t10n. 24%
ad Fertility: 0%
O. moubata 0. mou?)qta
Oviposition: 5%
Fertility: -2%
R. microplus
Overall: 51%
Infestation: 43%
Weight: 0%
Oviposition: 0% Almazan
R. microplus Three doses | Crossbred R. annalatus and Fertility: 15% ot al ’
Purified protein ' of 100 pg calves R. microplus larva R. annalatus 201 6’194
in Overall: 60%
Montanide ISA Infestation: 18%
50 V2 adjuvant Weight 17%
Oviposition 23%
Fertility 37%
Nymphs: de la
A americanum Three doses | Crossbred A. americanum Overallf 12% Fuente, et
: of 100 ng calves nymphs and adults Infestation 12% ?}i’ 2010

Weight: 10%
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Molting 5%
Adults:

Overall: 66%
Infestation: 7%
Weight: 33%
Oviposition: 41%
Fertility: 38%

1. scapularis
Infestations: 12%

. Two doses 1 scapularis and Weight: 15% Canales,
L scapularis Sheep . . et al.,
of 100 ng A. americanum adults | 4. americanum 2009 212
Infestation: -4%
Weight: 5%
. Moreno-
R. microplus Wiires cloies Balb/c mice | I ricinus larvae Mort'aht.y: 7 Cid, et al.,
of 25 ng Molting: 48% 2013 213
Overalls 60% Merino. et
R. microplus Three doses | Crossbred R. microplus larvae Infestation: 47% al. 2 01’3
' of 100 ng calves ' Weight: 9% 144
Oviposition: 18%
Overall: 44% Merino. et
1R e Three doses | Crossbred e Infestation: 42% al 201’1
i of 100 pg calves ; Weight: 2% 214
Oviposition: 3%
Overall: 83%
. Three doses | White-tailed . Infe'stat-lon;) 56% Carreon,
R. microplus of 100 g deer R. microplus larvae We}ght: .11 %0 et al.,
Oviposition: 21% 2012 215

Fertility: 51%
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H. anatolicum

Three doses
of 200 ng

Crossbred
calves

H. anatolicum and R.
microplus larvae

H. anatolicum
Overall: 65%
Infestation: 40%
Mortality: 42%
R. microplus
Overall: 54%
Infestation: 39%
Weight: 20%
Egg weight: 25%

Kumar, et

al., 2017
124

Purified protein
in 10%
Montanide 888

R. microplus

Three doses
of 100 ng

Crossbred
calves

R. microplus larvae
15 days after the final
dose

Overall: 44%
Infestation: 16%
Weight: 8%
Oviposition: 9%
Fertility: 26%

R. microplus larvae
45 days after the final
dose

Overall: 37%
Infestation: 9%
Weight: 4%
Oviposition: 9%
Fertility: 24%

Shakya.,
etal.,
2014 216

SUB-MSPla
chimeric protein,
E. coli
membrane
bound, in
Montanide ISA
50 V2

R. microplus

Three doses
of 120 ng

Crossbred
calves

R. microplus and R.
annalatus larvae

R. microplus
Overall: 81%
Infestation: 34%
Weight: 37%
Oviposition: 11%
Fertility: 67%

R. annalatus
Overall: 67%
Infestation: 20%
Weight: 38%

Almazan,
etal.,
2012 1%
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Oviposition: -15%
Fertility: 67%

Overall: 75%

Merino, et

R. microplus and A. | Three doses | Crossbred e Infestation: 69% al. 2013
albopictus of 100 pg calves i Weight: 5% 144
Oviposition: 20%
Sitlesl el shum R. microplus and A. | Three doses . - Mortality: -8% Moreno-
mu}tl-epltope Ibovictus of 25 Balb/c mice | I ricinus larva Moltine: 28% Cid, et al.,
antigen (Q38) | ¥ HE £ 2670 2013 213
chimeric D. reticulatus
purified protein Mortality: 13%
in Montanide Weight: 25% Contreras
ISA 50 V2 R. microplus and A. | Two doses | New Zealand | D. reticulatus and L. Molting: 15% and de la
albopictus of 50 pg white rabbits | ricinus larvae L ricinus Fuente,
Mortality: 8% 2016 27
Weight: -15%
Molting: 38%
Subolesin/Akirin
multi-epitope
antigen (Q41) R. Microplus and A. | Three doses . .. Mortality: 10% Moreno-
chlmerlc ' Ihopictus of 25 Balb/c mice | I ricinus larvae Moltine. 14% Cid, et al.,
purified protein | 47 He g 1o 2013 212
in Montanide
ISA 50 V2
. Bensaci,
VSEnE it e 1 scapularis 1x 108 PFU C?.’H/HCN L scapularis larvae Infestation: 52% et al.,
vectored mice 2012 146
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Figure 1.1: Geographic distribution of Hyalomma ticks and CCHF cases.
Used and modified from a 2017 World Health Organization (WHO) CCHFV distribution map® under the Creative Commons license:

CC BY-NC-SA 3.0 IGO.
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Figure 1.2: CCHFYV genome organization and virion structure’.

A) Schematic diagram of CCHFV genome organization and protein products. Generated

using BioRender. B) Schematic diagram of CCHFV virion. Used with permission from

Elsevier Publishing Group; License: 5322200635394.
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Figure 1.3: Replication cycle of CCHFV?.

Used with permission from Elsevier Publishing Group; License: 5322200635394.
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Figure 1.4: Transmission cycle of CCHFV?,
Blue arrows show the life cycle of H. marginatum ticks, and red arrows within the blue arrows indicate the efficiency of virus
transmission between life cycle stages. The * indicates the difference in feeding patterns between two and three-host ticks. Used with

permission from Elsevier Publishing Group; License: 5322200635394.
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Chapter 2: Materials and Methods

2.1 In silico Analyses

2.1.1 Subolesin Codon Optimization

The Subolesin coding sequence was codon-optimized for rabbits (Oryctolagus cuniculus)
using the GeneArt system through Thermo Fisher Scientific or mice (Mus musculus) using
the Integrated DNA Technologies codon-optimization tool. The coding sequence for the
Subolesin-RABV-G chimeric antigen was codon-optimized for cattle (Bos taurus) using

GenScript (Figure 2.1).

2.1.2 Nucleotide Alignments and Homology Calculations
Nucleotide sequences were aligned using Geneious Prime software (www.geneious.com)
with default settings. The number and percent of identical nucleotides between given

sequences was calculated by the software during the alignment.

2.1.3 Cytotoxic T-Lymphocyte Epitope Prediction

The translation of the GPC of CCHFV strain Turkey200406546, designated throughout
this work as Turkey2004 (Accession # KY362519.1) was used for bioinformatic server
predictions to identify epitopes likely to be presented by human major histocompatibility
complex (MHC) class I molecules to CD8+ cytotoxic T-lymphocytes (CTL). CTL epitopes
were predicted using the NetCTL 1.2 Server
(https://services.healthtech.dtu.dk/service.php?NetCTL-1.2) powered by the Department

of Bio and Health Informatics at the Technical University of Denmark. The NetCTL 1.2
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Server was used to predict binding of 9-mer CTL peptides to 12 MHC class I supertypes
(A1, A2, A3, A24, A26, B7, B8, B27, B39, B44, B58, and B62) using neural networks.
Predicted peptides were selected based on an inclusion criterion of a combined score of
>1.0 given from the prediction of MHC class I binding, proteasomal C-terminal cleavage,
and transporter associated with antigen processing (TAP) transport efficiency. A combined
score of >1.0 yields 70% sensitivity and 98.5% specificity of CTL ligand prediction
accuracy, where sensitivity and specificity refer to the probability of identifying true
positives and true negatives, respectively?!®. Peptides were excluded if they fell across

known cleavage sites on the GPC polyprotein.

2.1.4 Helper T-Lymphocyte Epitope Prediction

The translation of the GPC of CCHFV strain Turkey2004 was used for bioinformatic server
predictions to identify epitopes likely to be presented by human MHC class II molecules
to CD4+ helper T-lymphocytes (HTL). HTL epitopes were predicted using the NetMHCII
2.3 Server (https://services.healthtech.dtu.dk/service.php?NetMHCII-2.3) powered by the
Department of Bio and Health Informatics at the Technical University of Denmark. The
NetMHCII 2.3 Server was used to predict binding of 15-mer HTL peptides to 25 HLA-
DR, 20 HLA-DQ, and 9 HLA-DP alleles using artificial neural networks. Predicted
peptides were selected if they met both inclusion criteria of (1) a strong binder threshold
of <2.00%-rank to a set of 1,000,000 random natural peptides and (2) a predicted IC50
value <50 nM. Peptides were excluded if they fell across known cleavage sites on the GPC

polyprotein.

75



2.1.5 Alignment and Graphing of Predicted Epitopes to the CCHFV GPC

All predicted CTL and HTL peptides that met the above inclusion criteria were aligned to
the Turkey2004 GPC sequence using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Groups of peptides were assigned numerical
values for the number of peptides that overlapped a given residue in the GPC alignment,
and peptides were graphed in GraphPad Prism using these assigned values. Regions with
the highest number of overlapping predicted peptides and regions including two previously

demonstrated T cell epitopes® were selected as multi-epitope regions.

2.1.6 Amino Acid Alignments, Phylogenetic Tree, and Homology Calculations
2.1.6.1 Full-length GPC and Phylogenetic Tree

Sequences of 50 CCHFV glycoprotein precursors were imported into Geneious Prime
software from Genbank (Table 2.1). The open-reading frame was translated to obtain the
amino acid sequence of each CCHFV GPC. A phylogenetic tree was constructed from all
50 sequences using Geneious Tree Builder with default parameters, and clades were

assigned based on previous publications 2°°.

2.1.6.2 Individual GPC Proteins

An alignment of the translations of all 50 GPC sequences was generated using a Geneious
alignment with default parameters. This alignment was used to identify the known cleavage
sites between GPC proteins (MLD-RS/KR-GP38; GP38-RK/LL-Gn; GN-RK/LL-NSw;

NSwm-RK/PL-Gc) to make alignments for the individual GPC proteins.
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2.1.6.3 Multi-Epitope Regions

Multi-epitope regions were chosen based on bioinformatic predictions using the
Turkey2004 sequence. An alignment of the translations of all 50 GPC sequences was
generated using a Geneious alignment with default parameters. Using the alignment with
the Turkey2004 sequence, the corresponding sequence from the remaining 49 sequences
of each multi-epitope region was identified and saved as an individual document for

homology calculations.

2.1.6.4 Homology Calculations

Sequence conservation was assessed at the residue level for both percent identity and
percent similarity. The percent identity and percent similarity of each selected sequence to
the Turkey2004 sequence was determined using William Pearson's /align program run
through the Swiss Institute of Bioinformatics ExXPASy Bioinformatics Resource Portal,
(https://embnet.vital-it.ch/software/LALIGN_form.html; now available at
https://www.ebi.ac.uk/Tools/psa/lalign/). The percent identity and similarity to the
Turkey2004 sequence was calculated for each GPC protein, and each multi-epitope region.
The percent of amino acid identity and similarity were averaged for each protein or epitope

region from the 50 sequence comparisons.

2.1.7 Generation of the Multi-Epitope Antigen and Plasmid
The 11 multi-epitope regions were joined together in silico using a flexible linker of -
glycine-glycine-glycine-serine- (-GGGS-). A start codon was placed at the N-terminus, and

a six residue polyhistidine tag (6XHis) was added before a stop codon at the C-terminus.
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A signal peptide was not included at the N-terminus of the antigen. The final EPItope
Construct (EPIC) product with linkers and tag was 853 amino acid residues in length and
will be referred to as EPIC throughout. EPIC was synthesized and subcloned behind a
cytomegalovirus (CMV) promoter in the mammalian expression vector pTWIST-CMV
using the restriction enzyme sites Notl and BamHI to create pTWIST-CMV-EPIC (TWIST

Biosciences).

2.1.8 Subcellular Localization Prediction

Subcellular localization and the residues important for localization were predicted using
the DeepLoc-1.0 server run through the Department of Bio and Health Informatics at the
Technical University of Denmark

(https://services.healthtech.dtu.dk/service.php?DeepLoc-1.0).

2.2 Biological Assays

2.2.1 Cell Lines and Cell Culture

2.2.1.1 Mammalian Cell Lines

Rabbit kidney epithelial cells (RK13; ATCC CCL-37) and human embryonic kidney 293T
cells (HEK293T; ATCC CRL-3216; provided by the laboratory of Dr. Pei-Yong Shi,
UTMB, Galveston, TX) were cultured in Minimum Essential Medium Eagle (MEM)
supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS),

cumulatively termed E10 medium, at 37°C with 5% CO,.
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2.2.1.2 Tick Cell Lines

Ixodes scapularis embryonic cells (ISE6; ATCC CRL-11974; provided by the laboratory
of Dr. Jere McBride, UTMB, Galveston, TX) were cultured at 34°C without CO2in L15B-
300 medium containing 5% FBS, 10% tryptose phosphate broth, and 0.1% lipoprotein

concentrate (referred to as complete medium).

Generation of complete medium required multiple steps, and was prepared according to
the publication by Munderloh and Kurtti?!’. First, L-15 medium (Gibco) was supplemented
with L-aspartic acid, a-ketoglutaric acid, L-glutamine, L-proline, L-glutamic acid, D-
glucose, Mineral Stock D, and Vitamin Stock?!??°. The pH was adjusted to 6.5 using
NaOH, then sterile filtered. This is referred to as Base Medium. Next, three parts of Base
Medium was combined with one part of sterile water to reduce the osmolarity, and the
FBS, tryptose phosphate broth, and lipoprotein concentrate was added. The pH was

adjusted to 7.4 using NaOH, then sterile filtered.

2.2.2 Plasmids

The pCAGGS-GPC plasmid containing the CCHFV GPC of strain Turkey2004 was kindly
provided by Dr. Eric Bergeron (Centers for Disease Control and Prevention, Atlanta, GA).
Plasmids containing Subolesin (pMA-Subolesin and pcDNA3.1(+)-Subolesin-6XHis)
were synthesized by TWIST Biosciences. The plasmid containing the Subolesin-RABV-G
chimeric antigen (pCAGGS-Subolesin-RABV-G) was synthesized by GenScript and was
kindly provided by Dr. Schnell’s laboratory (Thomas Jefferson University, Philadelphia,

PA). The plasmid containing green fluorescent protein (pCAGGS-GFP) was generated
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using PCR amplification and restriction enzyme digestion. The GFP gene was PCR
amplified using 2X DreamTaq PCR Master Mix (Thermo Fisher Scientific) and the primers
GFP-EcoRI-F and GFP-BglII-R, which included the restriction enzyme sites for EcoRI and
Bglll on the 5° and 3’ of the gene during amplification, respectively. The pCAGGS-GPC
plasmid and PCR product were digested using the restriction enzymes EcoRI and Bg/Il
(New England Biolabs), then purified after separation on a 1% agarose gel. The digested
PCR product was then ligated into the pCAGGS plasmid backbone using T4 DNA ligase
(New England Biolabs). The ligation mixture was then transformed into Escherichia coli
(Mix & Go Competent Cells - Strain DHS5 Alpha, Zymo Research) according to the
manufacturer’s instructions and plated on Luria-Bertani (LB) agar plates supplemented
with 100pg/mL ampicillin (LB and ampicillin: Thermo Fisher Scientific; plates made in
house). Cultures were incubated at 37°C for 24 hours, then individual colonies were picked
using sterile pipet tips and placed into 5.0 mL LB broth supplemented with 100pug/mL
ampicillin. Liquid cultures were incubated at 37°C for 24 hours with shaking at 250rpm.
After incubation, the culture was vortexed, then 0.5mL of culture was mixed with 0.5mL
of sterile 50% glycerol (Thermo Fisher Scientific) and stored at -80°C. The remaining
4.5mL of liquid cultures were lysed and purified using the QIAprep Spin Miniprep Kit
(QIAGEN) according to the manufacturer’s instructions, and plasmids were eluted using
sterile molecular grade water. All plasmid sequences were confirmed using Sanger
sequencing at the UTMB Molecular Genomics Core Facility. The frozen
glycerol/suspension mixture was used for large-scale plasmid preparations to inoculate
250mL of LB broth supplemented with 100ug/mL ampicillin. These cultures were

incubated at 37°C for 24 hours with shaking at 250rpm. Cultures of E. coli were lysed, and
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plasmids were purified using the ZymoPURE™ II Plasmid Maxiprep Kit (Zymo Research)
according to the manufacturer’s instructions, and eluted using sterile molecular grade
water. Plasmid suspensions were quantified using a Tecan NanoQuant plate and a Tecan

infinite 200Pro plate reader.

2.2.3 Proteins

2.2.3.1 Antibodies

A monoclonal antibody (mAb) recognizing a six residue polyhistidine tag was obtained
from Thermo Fisher Scientific (His.H8, Cat # MA1-21315). The mouse anti-CCHFV
mAbs 9D5 (NR-40270), 2B11 (NR-40257), 11F6 (NR-40283), 13G8 (NR-40294), 5A5
(NR-40249), 8F10 (NR-40282), 10E11 (NR-40276), 7F5 (NR-40281), 6B12 (NR-40259),
11E7 (NR-40277), 3E3 (NR-40273), 1H6 (NR-40296), 30F7 (NR-40288), 12A9 (NR-
40254), and 13G5 (NR-40293) were obtained from the Biodefense and Emerging
Infections Research Resources Repository (BEI resources, ATCC, Manassas, VA). The
mouse anti-CCHFV mAb 8A1l was kindly provided by United States Armed Forces
Research Institute for Infectious Diseases (USAMRIID), Frederick, MD from the Peters-
Dalrymple Collection. Hyperimmune mouse ascitic fluid (HMAF) was kindly provided by
Dr. Tom Ksiazek (World Reference Center for Emerging Viruses and Arboviruses, UTMB,
Galveston, TX). Goat-anti-mouse-IgG conjugated to horseradish peroxidase (HRP)
(Abcam, Cat # ab6789), goat-anti-mouse-IgG conjugated to Alexa Fluor™ 488
(Invitrogen, Cat # A11029), goat-anti-mouse-IgG conjugated to Alexa Fluor™ 594
(Invitrogen, Cat # 10680), goat-anti-rabbit-IgG conjugated to Alexa Fluor™ 488

(Invitrogen, Cat # A11034), and goat-anti-rabbit conjugated to Alexa Fluor™ 594
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(Invitrogen, Cat # A11037) were used as secondary antibodies for ELISA and IFAs. Mouse
anti-RABV-G mAb 1C5 (Novus Biologicals, Cat # NBP2-11630), goat-anti-mouse
conjugated to HRP (Jackson Immunoresearch, Cat # 115-053-146), and donkey-anti-
rabbit-IgG conjugated to HRP (Jackson Immunoresearch, Cat # 711-035-152) were used
in the laboratory of Dr. Matthias Schnell. Rabbit anti-Subolesin serum was generated by
immunization of rabbits with three doses of purified Rhipicephalus microplus Subolesin
protein (50 pg per dose) in Montanide ISA 50 V2 adjuvant (Seppic, France). Rabbit anti-
Subolesin serum was kindly provided by Dr. Jose de la Fuente (University of Castilla-La
Mancha, Ciudad Real, Spain). Rabbit anti-West Nile virus serum was kindly provided by

Dr. Alan Barrett (University of Texas Medical Branch, Galveston, TX).

2.2.3.2 Purified Recombinant Protein

Purified R. microplus Subolesin protein was kindly provided by Dr. Jose de la Fuente.

2.2.3.3 Generation of Whole-Cell Protein Lysates

HEK293T cells seeded to 80% confluency in 6-well plates were transfected with either
pTWIST-CMV-EPIC or pCAGGS-GPC using Lipofectamine 3000 according to the
manufacturer’s instructions. The cell and transfection mixtures were incubated at 37°C
with 5% CO; for four hours; then medium was replaced with fresh growth medium. At 48
hours post-transfection the media was removed, and cells were washed with DPBS.
Radioimmunoprecipitation assay (RIPA) buffer (25mM Tris-HCL, 150mM NaCl, 1% NP-
40, 1% sodium deoxycholate, 0.1% SDS, Pierce) supplemented with 1X Halt Protease

Inhibitor Cocktail (Thermo Fisher Scientific) was applied to each well to lyse the cells, and
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the protein slurry was pipetted into a labeled vial. DNA was sheared by passing the lysate
through a 29-gauge needle attached to an insulin syringe ten times. Cell debris was pelleted
by centrifugation for five minutes at 16,000 x g and the supernatant was transferred into a

new vial for storage at -20°C until use.

2.2.4 Viruses

2.2.4.1 Recombinant Myxoma Viruses

2.24.1.1 Generation of Recombinant Viruses

Recombinant myxoma viruses were generated by the laboratory of Dr. Grant McFadden
(Arizona State University (ASU), Tempe, AZ) using gateway cloning and homologous
recombination. Foreign antigens were cloned into a recombination plasmid behind
individual Vaccinia virus synthetic early/late (sE/L) promoters. The final recombination
plasmid encoded part of the M135R and M136R genes flanking the foreign antigens.
Briefly, RK13 cells were infected with wild-type myxoma virus, Lausanne strain, then
transfected with the final recombination plasmid. Recombinant viruses were purified three

times by fluorescent foci selection before purified stock aliquots were shipped to UTMB.

2.24.1.2 Production of Recombinant Myxoma Virus Stocks

Virus aliquots provided by ASU were passaged once to make working stocks for all
subsequent experiments. Viruses were grown by infecting RK13 cells at 80% confluency
at a multiplicity of infection (MOI) of 0.1. Virus was allowed to adsorb for one hour at
37°C with 5% CO> with rocking at 15-minute intervals, after which MEM supplemented

with 10% FBS was added to the flask. Flasks were incubated at 37°C with 5% CO» until
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48 hours post-infection. At this point, media was removed from the flask, and cell
monolayers were washed once with DPBS. DPBS was added to the flask, and cells were
scraped off of the flask into the solution using a cell scraper. The cell suspension was
pipetted into a conical tube, and flash-frozen in a slurry of dry ice and 70% ethanol. The
suspension was thawed and then vigorously vortexed. This process was repeated for a total
of three freeze-thaw cycles. Cell debris was then pelleted by centrifuging for 30 minutes at

3,000 x g. The supernatant was then aliquoted and stored at -80°C for future use.

2.24.1.3 Sucrose Purification of Recombinant Myxoma Virus

Viruses were semi-purified over a 36% sucrose cushion as described previously'®?

. Briefly,
20mL of clarified virus supernatants were pipetted over 16mL of 36% sucrose in 10mM
Tris-HCl in a polycarbonate centrifuge tube (Beckman Coulter). Samples were centrifuged
in a SW28 rotor at 18,000 revolutions per minute (RPM) for 80 minutes. The supernatant

was removed, and the virus pellet was resuspended in DPBS then aliquoted and stored at -

80°C for future use.

224.1.4 Titration by Fluorescent Focus Forming Assay

Twelve-well plates were seeded to approximately 80% confluency with RK13 cells. Cells
were infected with 10-fold dilutions (10°-10) of the virus. Virus was allowed to adsorb
for one hour at 37°C with 5% CO: with rocking at 15-minute intervals. E10 medium was
added to each well, and plates were incubated until 48 hours post-infection at 37°C with
5% COz. Media was removed, and cells were washed with DPBS. Plates were then fixed

with 10% neutral-buffered formalin for one hour at room temperature. The fixative was
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decanted, and plates were allowed to dry. Fluorescent foci were viewed and counted using
a Dino-Lite EDGE AM4115T-YFGW digital microscope and DinoCapture 2.0 software,
or a Cytation 7 imaging plate reader (BioTek). The titer of the virus was determined using

fluorescent focus forming units per milliliter (FFU/mL).

2.24.1.5 Multiplication Kinetics

Twelve-well plates were seeded to approximately 80% confluency with RK13 cells, then
infected with either vMyx-GFP-Empty or vMyx-GFP-Subolesin diluted to an MOI of 0.1
in serum-free MEM. Virus was allowed to adsorb for one hour at 37°C with rocking at 15-
minute intervals. The inoculum was removed, and cells were washed with DPBS before
E10 medium was added to each well. Samples were collected at 0, 12, 24, 36, 48, 72, and
96 hours post-infection in triplicate. To harvest virus at each time point, E10 medium was
removed from the well, and 500ul of cold DPBS was added to each well. A sterile pipette
tip was used to scrape cells from the bottom of each well into solution. The DPBS and cell
slurry was pipetted into a labeled screw cap vial and stored at -80°C until titration. Prior to
titration, samples were removed from -80°C and allowed to thaw. This served as one round
of freeze-thaw. Tubes were then submerged into a dry ice and 70% ethanol slurry to rapidly
freeze the samples, then allowed to thaw. This was repeated once more for a total of three
freeze-thaw cycles for each sample. Samples were then centrifuged at 16,000 x g for five
minutes, then supernatant was transferred into a new labeled tube for titration then storage

at -80°C.
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2.24.1.6 Myxoma Virus Fluorescence Reduction Neutralization Test

Serum from one mouse from the vMyx-GFP-Subolesin, vMyx-GFP-Empty, and Saline
groups was serially diluted 1:2 in serum free MEM starting at a 1 in 10 dilution, for a total
of five dilutions. Sera dilutions were combined with vMyx-GFP-Empty and incubated on
ice for one hour. The serum and virus mixtures were inoculated onto duplicate wells of
RK13 cells seeded to 80% confluency in a 96-well plate. Virus was allowed to adsorb for
one hour at 37°C with 5% CO., then growth media was added to each well. The plate was
then incubated at 37°C with 5% CO: for 48 hours. The relative fluorescence of each well
was measured using the Tecan Infinite M200 Pro plate reader. Values for 100% and 0%
fluorescence were obtained by duplicate wells inoculated with virus only and media only

without virus, respectively.

2.2.4.2 Recombinant Rabies Viruses

Recombinant rabies viruses were generated by the laboratory of Dr. Matthias Schnell
(Thomas Jefferson University [TJU]) using a well-established reverse genetics system!'’®.
The Subolesin-RABV-G chimeric antigen or the GP85 chimeric antigen was inserted
between the nucleoprotein (N) and phosphoprotein (P) of the BNSP333 vaccine vector. All

work with recombinant rabies viruses was conducted in the Schnell laboratory at TJU.

2.2.5 Nucleotide Sequence Analysis
2.2.5.1 DNA Extraction
Viral DNA was extracted from recombinant myxoma viruses using the Zymo ZR-Duet

DNA/RNA Miniprep kit (Zymo) according to the manufacturer’s instructions. The
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insertion site of Subolesin was PCR amplified using 2X DreamTaq PCR Master Mix
(Thermo Fisher Scientific) according to manufacturer’s recommendations with primers
that flanked the M135R-M136R intergenic region (M136R-F
[CGATAACCGAGGTATGTGTT] and M136R-R [ACGTCAACGTGTTCTCTTTA)).
The PCR product of the intergenic region was submitted to the UTMB Molecular
Genomics Core Facility for Sanger sequencing using the flanking primers above and
internal primers (Subolesin-F [ATGGCTTGCGCAACATTAAAGC], Subolesin-R
[TTGGTCGTACGTAAACTTGAC], GFP-EcoRI-F
[GAGTCGAATTCACCATGGTGAGCAAGGG], and GFP-Bg/lI-R

[GACATAGATCTCATCTTGTACAGCTCG])).

2.2.5.2 Sanger Sequencing
Sanger sequencing of purified plasmid or PCR products was completed by the UTMB
Molecular Genomics Core Facility. Chromatograms were visually inspected, and

sequences were aligned to reference sequences using Geneious Prime software.

2.2.5.3 RNA Extraction
To obtain total RNA from ISE6 cells, growth media was removed, and cells were lysed
with Trizol reagent (Invitrogen). RNA was extracted using the Zymo Direct-Zol RNA

miniprep kit. After extraction, RNA was stored at -80°C until use.
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2.2.5.4 Two-Step qRT-PCR

Total RNA extracted from ISE6 cells was used as a template for generation of cDNA.
cDNA was generated using random hexamers with the SuperScript™ III First-Strand
Synthesis System (Invitrogen). cDNA was quantified using a NanoQuant Plate and Tecan
Infinite M200 Pro plate reader. The qRT-PCR was completed using iTaq™ Universal
SYBR® Green Supermix (BioRad) and the LightCycler 96 real-time PCR system (Roche).
Primers were designed for each gene of interest using Geneious Prime software and

Primer3 software (https://bioinfo.ut.ee/primer3-0.4.0/) (Table 2.2).

2.2.5.5 Next Generation Sequencing

Total RNA was extracted from ISE6 cells and submitted to the UTMB Next Generation
Sequencing Core. cDNA libraries were prepared using the NEBNext Ultra Il RNA Library
Prep Kit for [1lumina (New England Biolabs , Ipswich, MA) and random hexamer primers,
following manufacturers instructions. Libraries were sequenced on the NextSeq550

[Nlumina platform, using 400-million read lanes with paired-end 75 nt read lengths.

2.2.5.6 RNA-seq

Total RNA was extracted from biological triplicates of mock antisera and Subolesin
antisera treated ISE6 cells and was transported to the UTMB Next Generation Sequencing
Core. Poly-A sample RNAs were purified with the NEBNext® Poly(A) mRNA Magnetic
Isolation Module before cDNA libraries were prepared using the NEBNext Ultra II RNA
Library Prep Kit for Illumina and random hexamer primers, following manufacturers

instructions. Libraries were sequenced on the NextSeq550 Illumina platform, using 400-
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million read lanes with single-end 75 nt read lengths. Raw reads were aligned to the /.
scapularis genome assembly GCA 016920785.2 and a counts table was provided by the
UTMB Molecular Genomics Core Facility for analysis of differentially expressed genes

between mock and Subolesin antiserum treated samples.

2.2.6 Immunofluorescence Assays (IFA)
All IFA experiments used the 8-well Lab-Tek II chamber slide system (Nunc/Thermo
Fisher Scientific), and images were collected using either an Olympus [X71 or BX61

fluorescent microscope.

2.2.6.1 One-Step Method for Fixation and Permeabilization of Cells

At the chosen time point, cell culture media was removed from cells, and cells were washed
once with DPBS. The DPBS was decanted, and cells were fixed and permeabilized using
a cold (-20°C) 50/50 mixture of acetone/methanol for 10 minutes at 4°C. The mixture was
decanted, and cells were washed three times in DPBS-100mM glycine for five minutes
each wash. Cells were blocked using 3% normal goat serum (Gibco) in DPBS-100mM

glycine for one hour at room temperature.

2.2.6.2 Two-Step Method for Fixation and Permeabilization of Cells

At the chosen time point, cell culture media was removed from cells, and cells were washed
once with DPBS. The DPBS was decanted, and cells were fixed using 4%
paraformaldehyde for 10 minutes at room temperature. The fixative was decanted, and the

reaction was quenched by incubation with DPBS-100mM glycine for 15 minutes at room
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temperature. Cells were washed twice more with DPBS-100mM glycine for five minutes
each. Cells were then permeabilized using 1% Triton-X in DPBS-100mM glycine for 15
minutes at room temperature. The permeabilization solution was decanted, and cells were
washed three times in DPBS-100mM glycine for five minutes each wash. Cells were then
blocked using 3% normal goat serum (Gibco) in DPBS-100mM glycine for one hour at

room temperature.

2.2.6.3 IFA of Plasmid Transfected Cells

Chamber slides were seeded with RK13 or HEK293T cells the day prior to transfection,
both at 100,000 cells per well. Plasmids were transfected using Lipofectamine 3000
according to manufacturer’s recommendations. Cell culture media containing the
transfection solution (DNA/liposome mixture) was removed at four hours post-transfection
and replaced with fresh media. Cells were then incubated until 24 hours post-transfection.
IFA experiments using RK13 cells were fixed and permeabilized using a two-step method
of fixation and permeabilization. IFA experiments using HEK293T cells were fixed and
permeabilized using a one-step method of fixation and permeabilization. Cells were then
probed with primary antibodies for one hour, washed three times with blocking solution
for five minutes each wash, then probed with the secondary antibody for one hour. Cells
were then washed three times in blocking solution for five minutes each wash. Chambers
were removed and ProLong™ Diamond Antifade Mountant with DAPI (4',6-diamidino-2-
phenylindole) was applied to each well before slides were covered with a glass coverslip.

Slides were allowed to cure in the dark for 24-48 hours prior to imaging.
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2.2.6.4 IFA of Recombinant Myxoma Virus Infected Cells

Chamber slides were seeded with RK 13 cells the day prior to infection. Cells were infected
with vMyx-GFP-Subolesin or vMyx-GFP-Empty viruses at a MOI of 0.1, or mock
infected, and incubated until 24 hours post infection. Cells were fixed and permeabilized

using the two-step method, then blocked, probed, mounted, and imaged as described above.

2.2.6.5 IFA of ISE6 Cells

Chamber slides were seeded with ISE6 cells at 150,000 cells per well. Cells were incubated
for 24 hours prior to fixation and permeabilization with the one-step 50/50
Acetone/Methanol method. Cells were then blocked, probed, mounted, and imaged as

described above.

2.2.6.6 IFA of Antibody Internalization by ISE6 Cells

Chamber slides were seeded with ISE6 cells and incubated for 24 hours. For non-starved
cells, the media was removed then replaced with media containing anti-Subolesin
antibodies diluted in complete medium and incubated for 24 hours. For starved cells, the
media was removed then replaced with L-15 medium and incubated for 24 hours. The L-
15 medium was removed then replaced with media containing anti-Subolesin antibodies
diluted in complete medium and incubated for 24 hours. After cells were incubated with
the anti-Subolesin antibodies, the media was removed. The cells were fixed and
permeabilized with the one-step method, then blocked, probed, mounted, and imaged as

described above.

91



2.2.7 Enzyme-Linked Immunosorbent Assays (ELISA)

2.2.7.1 Anti-Subolesin ELISA

Purified R. microplus Subolesin protein was provided by Dr. Jose de la Fuente for the anti-
Subolesin ELISA. The purified protein was diluted in BupH Carbonate-Bicarbonate Buffer
(Pierce) to coat Nunc MaxiSorp high protein-binding capacity 96 well ELISA plates with
0.5ug per well overnight at 4°C with rocking. Unbound protein was removed by washing
three times with 0.05% Tween-20 in DPBS (DPBST). Wells were then blocked with 5%
non-fat milk in DPBST (blocking buffer) for one hour at room temperature with rocking.
Mouse sera were diluted in blocking buffer, then inoculated onto the wells and incubated
for one hour at room temperature with rocking. The primary antibody was removed, and
wells were washed three times with DPBST. The secondary antibody, Goat-anti-mouse-
IgG-HRP, was diluted in blocking buffer, then inoculated onto the wells and incubated for
one hour at room temperature with rocking. The secondary antibody was removed, and
wells were washed three times with DPBST. Wells were then washed three times with
DPBS. Pierce 1-Step ABTS (2,2'-azinobis [3-ethylbenzthiazoline-6-sulfonic acid]
diammonium salt) Solution was used as the HRP substrate, and the reaction was stopped
using 1% sodium dodecyl sulphate (SDS) in water. Absorbance at 450nm was measured

on a plate reader.

2.2.7.2 Gamma-Irradiated CCHFV Lysate ELISA
Gamma-irradiated CCHFV Ibar10200 Lysate (R430) was obtained from Dr. Tom Ksiazek
(UTMB, Galveston, TX). The protein slurry was diluted in BupH Carbonate-Bicarbonate

Buffer (Pierce) to coat Nunc MaxiSorp high protein-binding capacity 96 well ELISA plates
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with 1 pg, 5 pg, or 10 pug per well overnight at 4°C with rocking. Unbound protein was
removed by washing three times with DPBST, then wells were blocked with blocking
buffer for one hour at room temperature with rocking. The R430 lysate was probed with
one of three mAbs, His.H8 (nonspecific binding control), 9D5 (CCHFV NP-specific), and
11E7 (CCHFV Gc specific), or no primary (negative control), that were diluted in blocking
buffer at 1:500, 1:1000, and 1:2000. The primary antibody was incubated for one hour at
room temperature with rocking, then unbound antibody was removed with three washes
with DBPST. The secondary antibody, Goat-anti-mouse-IgG-HRP (Abcam), was diluted
in blocking buffer, then inoculated onto the wells and incubated for one hour at room
temperature with rocking. The secondary antibody was washed away, and colorimetric

signal was developed and measured as described above.

2.2.7.3 ELISAs at Thomas Jefferson University

RABV-G and GP38 proteins were generated from Gabrielle Scherr in the Schnell
laboratory at TJU. Immulon 4 HBX 96 well flat bottom microtiter plates were coated in
either protein diluted in carbonate coating buffer overnight at 4°C. Excess protein was
washed away with DPBST, wells were blocked with blocking buffer, washed, then
incubated with the primary antibody. Mouse sera were serially diluted 1:3 starting ata 1 in
50 dilution, for a total of eight dilutions. Plates were then washed and probed with an anti-
mouse HRP conjugated secondary antibody, incubated, then washed. A colorimetric
product was generated using o-Phenylenediamine dihydrochloride (OPD) peroxidase

substrate solution, and the reaction was stopped with sulfuric acid. Absorbance at 490nm
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and 630nm was measured on a plate reader, and the delta value was calculated from

subtraction of the 630nm absorbance from the 430nm absorbance.

2.2.8 Protein Purification

Clarified protein lysates were purified under native conditions using HisPur™ Nickel-
nitrilotriacetic acid (Ni-NTA) resin according to manufacturer’s instructions for
purification using the batch method. All centrifugation steps were carried out at 700 x g for
two minutes. A sample of HisPur™ Ni-NTA resin was aliquoted into a tube, then
centrifuged to pellet the resin. The resin storage buffer was removed and discarded. The
resin pellet was resuspended in two resin bed volumes of equilibration buffer (10mM
imidazole in DPBS) then pelleted by centrifugation. The sample of clarified protein lysate
was mixed with an equal volume of equilibration buffer then added to the resin pellet. The
resin pellet was resuspended in the sample and incubated for 30 minutes with constant
rocking. The resin was pelleted by centrifugation, and the supernatant was removed and
stored as the sample post-resin binding. The resin pellet was washed twice with wash buffer
(25mM imidazole in DPBS). Supernatant after each wash step was saved. The protein was
removed from the resin by resuspension of the resin bed in elution buffer (250 mM
imidazole in DPBS) then pelleting the resin. This was repeated two additional times to

generate three elution fractions.

2.2.9 Protein Gels and SYPRO Ruby Protein Gel Stain

Clarified protein lysates and samples from throughout the protein purification process were

mixed 1:1 with 2X Laemmli Sample Buffer (BioRad) and boiled at 95°C for five minutes.
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Proteins were separated using a NuPAGE 4-12% Bis-Tris gel (Invitrogen). The gel was
fixed using a solution of 50% methanol and 7% acetic acid for one hour. The gel was then
incubated in 60mL of SYPRO Ruby Protein Gel Stain (Thermo Fisher Scientific) overnight
with gentle rocking. The gel was washed in a solution of 10% methanol and 7% acetic acid
for 30 minutes, rinsed twice in ultrapure water, then imaged using the Bio-Rad Molecular

Imager VersaDoc MP system.

2.2.10 Dot Blot

Five microliters of clarified protein lysates and samples from throughout the protein
purification process were pipetted onto a nitrocellulose membrane and allowed to dry. The
membrane was blocked using blocking buffer (5% nonfat milk in tris-buffered saline with
0.05% Tween-20 [TBST]) for 30 minutes at room temperature. The membrane was then
incubated with the His.H8 mAb diluted at 1:2000 in blocking buffer for 30 minutes at room
temperature with rocking. Unbound primary antibody was removed by three washes with
TBST. The membrane was probed with Goat-anti-mouse-IgG-HRP for 30 minutes at room
temperature with rocking, then washed three times with TBST. The membrane was
submerged in a working solution of SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific) then imaged using the Bio-Rad Molecular Imager

VersaDoc MP system.

2.2.11 Western Blots
Protein samples were prepared and separated using NuPAGE 4-12% Bis-Tris gels as

above. Proteins were transferred onto a polyvinylidene difluoride membrane (PVDF;

95



Immobilon) using a semi-dry transfer method. Prior to transfer, the gel, membrane, and
filter paper were soaked in transfer buffer for 10 minutes. The transfer sandwich was
stacked on the bottom plate of a Trans-Blot® SD Semi-Dry Transfer Cell in the following
order: extra thick filter paper, filter paper, membrane, gel, filter paper, then extra thick filter
paper. A roller was used to ensure no bubbles were present between each layer. The top
plate was placed on top of the transfer sandwich and proteins were transferred for one hour
at 12 volts. After transfer, the membrane was removed and rinsed with water, then blocked
in blocking buffer for one hour at room temperature with rocking. The membrane was
probed with the primary antibody diluted in blocking buffer for one hour at room
temperature, then washed three times with TBST. The membrane was then probed with
goat-anti-mouse-IgG-HRP for one hour at room temperature with rocking, then washed
three times with TBST. The membrane was submerged in a working solution of
SuperSignal West Femto Maximum Sensitivity Substrate then imaged using the Bio-Rad

Molecular Imager VersaDoc MP system.

2.2.12 Western Blot of Purified RABV Virions

The western blot confirming the presence of Subolesin-RABV-G within RABV virions
was completed at TJU. Briefly, RABV virions were purified by pelleting through a 20%
sucrose cushion using a SW28 rotor at 22,000 RPM for 1 hour at 4°C. Virus pellets were
resuspended in TEN buffer (0.1M Tris-Cl, 0.01M EDTA, and 1M NaCl), lysed with RIPA
buffer, then quantified using a bicinchoninic acid (BCA) assay. One microgram of each
virion lysate was boiled for five minutes at 95°C in 2X urea sample buffer supplemented

with 5% beta-mercaptoethanol, then proteins were separated using a 4-20% Mini-
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PROTEAN® TGX gel (BioRad). Proteins were transferred onto a nitrocellulose membrane
using a semi-dry transfer method, then the membrane was blocked using blocking buffer
for one hour at room temperature. The membrane was then probed with the primary
antibody overnight at 4°C, then washed three times with DPBST. The membrane was
probed with donkey-anti-rabbit-IgG-HRP for one hour at room temperature, then washed
five times with DPBST. The membrane was submerged in a working solution of
SuperSignal Dura West Extended Duration Substrate then imaged using a FluorChem M

imager.

2.2.13 MTT Cell Proliferation Assay

The effect of anti-Subolesin antibodies on the metabolism of ISE6 cells was assessed using
the MTT Cell Proliferation Assay (ATCC). ISEG6 cells were seeded into a 96-well plate in
triplicate for each condition. Cells were incubated for 24 hours before the media was
removed and replaced with L-15 without additives to starve the cells for 24 hours. The L-
15 was then removed and replaced with anti-Subolesin antibodies diluted in complete
medium, or complete medium without anti-Subolesin antibodies for mock cells. Cells were
then incubated for 24 hours. Manufacturer’s instructions were followed for the addition of
the MTT reagent (3-(4, S5-dimethylthiazolyl-2)-2, S5-diphenyltetrazolium bromide),
incubation, and cell lysis. The absorbance at 570nm was measured using a Tecan Infinite
M200 Pro plate reader. As a measurement for cellular metabolism, the percent of cellular
proliferation was normalized to mock cells that were not incubated with anti-Subolesin

antibodies.
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2.2.14 Preparation of Single-Cell Splenocyte Suspensions

Spleens were harvested from C57B1/6 mice into serum-free Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco). The spleens in medium were poured into a 70um
cell strainer (Falcon) placed into a sterile petri dish. The flat presser end of a sterile syringe
was used to gently push the spleen through the cell strainer. The cell strainer was then
rinsed using a sterile bulb pipet and medium from the petri dish. The single cell suspension
in medium was transferred from the petri dish to a conical tube, where cells were pelleted.
The media was decanted, and the cells were resuspended in ImL of Red Blood Cell Lysing
Buffer Hybri-Max (Sigma), then incubated for 10 minutes. The solution was diluted with
DPBS then cells were pelleted, solution decanted, and splenocytes resuspended in DPBS
for use in ELISpot analyses. Splenocyte concentration was determined from counting using

a hemocytometer.

2.2.15 ELISpots

ELISpot analyses were completed using the Murine Interferon-gamma (IFN-y) Single-
Color Enzymatic ELISPOT kit (ImmunoSpot), following manufacturers
recommendations. Concanavalin A (ConA) was used as a positive control for stimulation
of splenocytes from naive mice. Briefly, the antigen stimulant (ConA or R430) was diluted
in CTL-Test Medium and plated at 100ul per well onto anti-IFN-y antibody coated
ELISpot plates. Single cell splenocyte suspensions were diluted to the desired
concentration in CTL-Test Medium, then added to each well. The cell and antigen mixtures

were incubated for 24 hours then removed. The captured IFN-y was detected and spots
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were developed using the provided antibody and substrate solutions. Spots were

automatically counted using the ImmunoSpot Analyzer and software.

2.3 Animal Studies

Animal studies were approved by either the UTMB or TJU Institutional Animal Care and
Use Committees (IACUC), depending on where the studies were undertaken. Animal
research was carried out in compliance with the Animal Welfare Act and other federally
regulated stipulations regarding animals and adherences to the Guide for the Care and Use
of Laboratory Animals, National Research Council, 2013. The animal facilities where this
research was conducted are accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC International). All mice

were anesthetized using inhalational isoflurane prior to any procedure.

2.3.1 Tolerability and Immunogenicity of Recombinant Myxoma Viruses

Female, six-week-old, BALBc/J mice (Stock #000651; The Jackson Laboratory, Bar
Harbor, ME) were split into five groups with five mice per group: Saline, Adjuvant Only,
Subolesin in Adjuvant, vMyx-GFP-Empty, or vMyx-GFP-Subolesin. Mice in the Saline
group served as the negative control group. Mice in the Adjuvant Only or Subolesin in
Adjuvant groups received water or 25 pg of purified R. microplus Subolesin protein in
Montanide ISA 50 V2 adjuvant (Seppic, Paris, France), respectively. Mice in the vMyx-
GFP-Empty or vMyx-GFP-Subolesin groups received a target of 1.0 million sucrose-
purified virus particles. All inocula were given subcutaneously, and mice received a

homologous boost 21 days after the primary dose. Mice were assessed daily for 14 days
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after the primary dose for clinical scores and weights. Serum was collected from each
mouse 20 days after the first and second doses, aliquoted, and stored frozen (< -20°C) until

use.

2.3.1.1 Preparation of Emulsions using Montanide ISA 50 V2 Adjuvant

The protein in water, or water only, was mixed with adjuvant in a 50/50 ratio (volume)
then emulsified. The mixture was loaded into a syringe with a luer-lok tip, and the syringe
was secured to a Hi-Flo™ 3-way stopcock with an additional syringe secured in the
adjacent connector to form an “L” shape from both syringes. The mixture was passed from
one syringe to the other and back to form one cycle of emulsion. The mixture was
emulsified for 20 cycles at low speed and 80 cycles at high speed. The emulsified mixture

was then ready for inoculation.

2.3.2 Immunogenicity of Recombinant Rabies Viruses

The immunogenicity of the recombinant rabies viruses was evaluated at TJU. Female,
C57Bl/6 mice were split into five groups with five mice per group: Saline, RABV-Empty,
RABV-Subolesin, RABV-GP85, and Mixture (50/50 mixture of RABV-Subolesin and
RABV-GP85 constructs). Each mouse received 50 pL via intramuscular injection (IM) into
each hind leg, totaling 100 pL. The target dose was 1.0 billion focus forming units (FFU)
for each mouse, or 100 pL of saline for the negative control group. Serum was collected

from each mouse at 28 days post infection, aliquoted, and stored frozen (< -20°C) until use.
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2.3.3 Tolerability and Immunogenicity of the DNA Vaccine Candidate

Female, six-week-old, C57BL/6] mice (Stock #000664; The Jackson Laboratory, Bar
Harbor, ME) were split into two groups: Vaccinated (N=18) or Not Vaccinated (N=10).
Mice were implanted with electronic ID transponders (Bio Medic Data Systems, Inc.)
programmed with unique identifiers for each mouse. Vaccinated mice received three doses
of the DNA plasmid pTWIST-CMV-EPIC at 21-day intervals. Each dose delivered 25 pg
of plasmid in 20 pL of DPBS via intramuscular electroporation (IM-EP) into the anterior
tibialis muscle using the Ichor Intramuscular TriGrid Delivery System (Ichor Medical
Systems). The left hind leg was shaved using electric clippers followed by area disinfection
using an alcohol preparation pad. The preloaded syringe was placed into the rodent TriGrid
array prior to visualization of the anterior tibialis muscle. The skin around the muscle was
pulled taut to anchor the muscle and the TriGrid electrodes were positioned over the muscle
site with the long axis of the array parallel to the long axis of the muscle. The array was
inserted into the muscle with the full length of the electrodes implanted into the tissue while
avoiding contact with the tibia bone. The inoculum was injected into the muscle and the
electroporation sequence was started approximately four seconds after the DNA injection.
The array was removed from the tissue upon completion of the electroporation sequence
and the vaccination site was visually inspected for any vaccine leakage before mice were
returned to their housing. Five parameters were assessed daily for 63 days: body weight,
temperature, clinical score, redness at the vaccination site, and vaccination limb paralysis.
Serum was collected from each mouse at 20 days after the first and second doses, aliquoted,

and stored frozen (< -20°C) until use.

101



24 Statistics

T-tests, analysis of variance (ANOVA) tests, and nonlinear regression curve fitting were
completed using GraphPad Prism software (version 8.0). Differential expression analyses
for the RNA-seq experiment were completed using the DESeq2 package in R (version

4.2.0).
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Table 2.1: GPC sequences used for evaluation of CCHFV homology.

Accession # Country/Region Strain Clade
AB069670 China 7001 I-Africa 1
AB069673 China 79121 I-Africa 1
AY900143 Zaire UG3010 11-Africa 2
DQ019222 Zaire UG3010 II-Africa 2
DQ211637 Zaire UG3010 11-Africa 2
DQ094832 Uganda Semunya 11-Africa 2
DQ211625 Greece AP92 VI-Europe 2
MG516212 Greece Pentalofos-Greece-2015 | VI-Europe 2
AY675511 Kosovo Kosovo0/9553/2001 V-Europe 1
EU037902 Kosovo Kosovo Hoti V-Europe 1
MH483985 RML Isolate Hoti V-Europe 1
DQ211630 Astrakhan Drozdov V-Europe 1
KY982866 Russia Kalmykia 2016 V-Europe 1
DQ206448 Russia, Rostov ROS/HUVLV-100 V-Europe 1
DQ211631 Stavropol Kashmanov V-Europe 1
KY362519 Turkey Turkey 2004 V-Europe 1
MF511224 Turkey Turkey 813048 V-Europe 1
DQ211636 Turkey Turkey200310849 V-Europe 1
GQ337054 Turkey Turkey-Kelkit06 V-Europe 1
GU477490 Bulgaria V42/81 V-Europe 1
AB069669 China 66019 IV-Asia 2
KC344856 UK ex Afghanistan SCT IV-Asia 2
AB069674 China 8402 IV-Asia 2
AB069675 China 88166 IV-Asia 2
AF467769 Pakistan Matin IV-Asia 2
DQ211632 Oman Oman IV-Asia 2
KY362518 Oman Oman 812956 IV-Asia 2
DQ211633 South Africa SPU97/85 IV-Asia 2
DQ211635 South Africa SPU415/85 IV-Asia 2
AY900142 South Africa SPU41/84 I11-Africa 3
DQ211634 South Africa SPU103/87 I11-Africa 3
DQI157175 South Africa SPU4/81 I11-Africa 3
HQ378184 Sudan Al-Fulah 3 I11-Africa 3
HQ378185 Sudan Al-Fulah 9 11-Africa 3
HQ378187 Sudan Ab1-2009 I11-Africa 3
MH483988 RML Isolate 10200 11-Africa 3
MF547416 Spain Caceres 2014 I11-Africa 3
AB069671 China 75024 IV-Asia 1
AB069672 China 7803 IV-Asia 1
AJ538197 Iraq Baghdad-12 IV-Asia 1
AY 179962 Tajikistan TAJ/HU8966 IV-Asia 1
AY223476 Uzbekistan Hodzha IV-Asia 1
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JN572085 India NIV/112143 IV-Asia 1
IN572086 India NIV/11703 IV-Asia 1
MH461098 Iran Iran 5900 IV-Asia 1
AJ538199 Pakistan SR3 IV-Asia 1
HM452306 | Germany ex Afghanistan Afg09-2990 IV-Asia 1
KC867273 Iran Zahedan 2007 IV-Asia 1
DQ446216 Iran Iran-53 IV-Asia 1
MF289415 United Arab Emirates 813040 UAE IV-Asia 1
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Table 2.2: Primers used for cloning, PCR, Sanger sequencing, and qRT-PCR.

Use Primer Name Orientation Sequence
M135R-F Forward CGATAACCGAGGTATGTGTT
M136R-R Reverse ACGTCAACGTGTTCTCTTTA
Cloning, PCR, Subolesin-F Forward ATGGCTTGCGCAACATTAAAGC
g‘;guséffrf; Subolesin-R Reverse TTGGTCGTACGTAAACTTGAC
GFP-EcoRI-F Forward GAGTCGAATTCACCATGGTGAGCAAGGG
GFP-BglII-R Reverse GACATAGATCTCATCTTGTACAGCTCG
Actin-F Forward CTACCTGATGAAGATCCTCACCG
Actin-R Reverse TCCAGGGAAGAAGAGGAGGC
L.scap-SUB-F Forward TCCAAACGGAAGATCGCCC
Lscap-SUB-R Reverse ATGTTGGCCGCTATCTCCTC
OATP-74D-F Forward CTATCCCGAAGACCCGCATG
OATP-74D-R Reverse TTGGGCCGTATCTTCTTGGG
GLUT-1-F Forward TCCGAGCGTCTTCATGTTGG
qRT-PCR GLUT-1-R Reverse CGCATCTCGTCCATCTCGTC
Slc26a6-F Forward CGTTGTATGCCTTCTTCGCG
Slc26a6-R Reverse ATGAGCTCGATGGGAATGGG
PLAAT3-F Forward CGAGTTCAACTTCCTCACCC
PLAAT3-R Reverse CTCGTCAGGAAGGTGGTGTG
Malic-F Forward ACTGCGTGACGGAAGGTAAC
Malic-R Reverse TCTTGTCCTTTGGTTCGGGC

105




Figure 2.1: Subolesin codon-optimization and sequences.
(A) Schematic diagram of Subolesin codon-optimization. (B) Codon-optimized sequences

of each Subolesin sequence.

A H. marginatum Subolesin Sequence
Native Subolesin-RABV-G
Codon-Optimization: / \
Rabbits Mice Cattle
(Oryctolagus  (Mus (Bos taurus)
cuniculus) musculus)
B

Subolesin: H. marginatum Sequence, No Codon-Optimization
ATGGCTTGCGCAACATTAAAGCGAACACACGACTGGGATCCCCTGCACAGTC
CGAATGGCCGATCGCCAAAGAGACGGAGGTGTATGCCCTTGTCCCCACCAGC
ACCTCCAACCAGGGCTCACCAGATGAATCCATCGCCCTTCGGAGAAGTGCCG
CCCAAGATGACTTCAGAGGAGATAGCAGCCAACATTCGCGAGGAGATGCGA
CGGCTACAACGGCGCAAGCAGCTCTGTTTCCAGGGGACAGACCCAGAATCGC
AGCAGACGAGTGGCCTCTTGTCGCCTGTCCGTCGAGACCAGCCACTGTTCAC
CTTCCGCCAGGTGGGCCTCATTTGCG